S T R E N G T II 

OF 

M A T E R T A L S 


ity 

.TAMKH K. ]U)YI>, M. 8. 

or ntm mnn utatis 


Hr.fuNU MiHTioNf 

1*1% .NTH i AU*nr.»iH|*»N 


M<'(lUAW.!ni,I, BOOK OOMFANY, Inc. 
NKW YORK: ;«7tl SKVl'^N'TH AVKNUK 
l,oNl){>N: 0AM HOtlVKHll') HT., K. C. 4 


COo- 112^ Aj/7 


Copyright, 1911, 1917, by the 
McGraw-Hill Book Company, Inc. 

PRINTED IN THE UNITED STATES OP AMERICA 


1 b 4 1 7 



THE MAPLE PRESS - VORK PA 



PREFACE TO THE SECOND EDITION 

In the preparation of the second edition, no radical changes 
have been made. The most important addition is the method of 
Area Moments for deriving the equations of the elastic line of 
beam. This is given along with the usual method of double 
integration, and the text has been so arranged that either one may 
be studied and the other omitted. A chapter on Curved Beams 
and Hooks has been added, and a part of a chapter on Theories of 
Failure. 

At the request of a number of teachers, the problems have been 
largely rewritten. A few more illustrative examples have been 
worked out in the text at points where experience has shown that 
the students have difficulty in the application of the theory. 
Either Cambria Steel or Carnegie Pocket Companion may be 
used as a handbook with this edition. 

The author is under obligation to Professors E. H. Wood, E. R. 
Maurer, R. N. Menefee, R. W. Gay, and 0. H. Basquin, and to 
Dean F. E. Ayer and Mr. J. 0. Draffin, who have kindly furnished 
suggestions and constructive criticisms. 

J. E. B. 

Columbus, Ohio, 

March, 1917. 


PREFACE TO THE FIRST EDITION 

This book is intended to give the student a grasp of the physical 
and mathematical ideas underlying the Mechanics of Materials, 
together with enough of the experimental facts and simple appli- 
cations to sustain his interest, fix his theory, and prepare him for 
the technical subjects as given in works on Machine Design, 
Reinforced Concrete, or Stresses in Structures. 

It is assumed that the reader has completed the Integral Cal- 
culus, and has taken a course in Theoretical Mechanics which 
includes statics and the moment of inertia of plane areas. Chap- 
ters XVI and XVII* give a brief discussion of center of gravity 
and moment of inertia. Students who have not mastered these 
subjects should study these chapters before taking up Chapter 
V (preferably before beginning Chapter I). 

The problems, which are given with nearly every article, form 
an essential part of the development of the subject. They were 
prepared with the twofold object of fixing the theory and enabling 
the student to discover for himself important facts and applica- 
tions. The first problems of each set usually require the use of 
but one new principle, — the one given in the text which immedi- 
ately precedes; the later problems aim to combine this principle 
with others previously studied and with the fundamental opera- 
tions of Mathematics and Mechanics. The constants given in 
the data or derived from the results of the problems fall within 
the range of the figures obtained from actual tests of materials. 
Many of the problems are taken directly from such measure- 
ments. Some of them are from tests made by the author or his 
colleagues at the Ohio State University; others are from bulletins 
of the University of Illinois Engineering Experiment Station, from 

Tests of Metals” at the Watertown Arsenal, and from the 
Transactions of the American Society of Civil Engineers. 

This book is designed for use with ''Cambria Steel,” to which 
references are made by title instead of by page, so that they are 
adapted to any edition of the handbook. 

The author acknowledges his indebtedness for suggestions and 
criticisms to Professors C. T. Morris, E. E. Coddington, Robert 
Meiklejohn, K. D. Swartzel, and many others of the Faculty of 

* Chapters XIX and XX of the Revised Edition, 
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the College of Engineering; and to Professor Horace Judd of the 
Department of Mechanical Engineering for the material for 
several of the half-tones. He also expresses his obligations to the 
books which have helped to mold his ideas of the subject, — 
Johnson^s Materials of Construction/^ Ewing’s Strength of 
Materials/’ and especially the text-books which he has used with 
his classes, — Merriman’s “Mechanics of Materials,” Heller’s 
“Stresses in Structures,” and Goodman’s “Mechanics Applied to 
Engineering.” 

The symbols used in the mathematical expressions are much the 
same as in Heller’s “Stresses in Structures.” 

Columbus, Ohio, 

November 6 , 1911 . 
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NOTATION 

• The symbols which are frequently used in this book are: 
a = radius of circle; distance of concentrated load from support. 

A, A' = area of cross-section. 

h — breadth; breadth of rectangular section; base of triangle; distance 
of concentrated load from support. 

B — some special value of 6. 

c = distance from neutral axis to extreme fiber; distance of center of 
curvature of circular beam from center of section; distance in figure. 
C == distance from center of curvature of trapezoidal curved beam to inter- 
section of sides. 

Cl, C 2 , Ca = integration constants. 

d = depth; depth of rectangular section; diameter; distance between par- 
allel axes. 

D = some special depth; diameter of boiler. 
e == eccentricity of a load on a column; distance in figure. 

E — modulus of elasticity. 

Ec = modulus of elasticity in compression; modulus of elasticity of 
concrete. 

Ea = modulus of elasticity in shear; tension modulus of elasticity of steel 
reinforcement. 

Et = modulus of elasticity in tension. 

Ev = modulus of volume elasticity. 

Ew = working modulus of elasticity. 
h — height; distance from vertex to base of triangle. 
h'p = horsepower. 

H = product of inertia. 

I = moment of inertia. 

Im = maximum moment of inertia of a beam of variable section. 

Ix = moment of inertia with respect to the X axis. 

ly = moment of inertia with respect to the Y axis. 

lo = moment of inertia with respect to an axis through the center of 
gravity. 

j = ratio of moment arm to total depth of a reinforced concrete beam. 

J = polar moment of inertia. 

k = a constant coefficient; radius of gyration (in Chapter XX); a ratio 
less than unity. 

I = length; length of beam between supports; length of column between 
points of inflection. 

L — length; total length of column, 
m = mass of particle; slope of tangent at support; a ratio. 

M = moment; mass. 

Mo = moment at origin of coordinates. 

Ma, Mhj Me = moment over three consecutive supports. 
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ilfi, M^, Afg, etc. fa moment over fimt, Hwanti, thiril, Mt'., nti|i|«irtp, 
n « ratio, number of turnn in a In^Iieal ^firing. 

N “ normal force at Hurface; numlwr of |***r ifiifttiii* 

p « pitch of rivets; slope <>f tangcuit; ratio of firoii III itfra. 

P » concentratcul load or force. 
g « cooflicient in Hanklne’s formula, 

Q » concentrated load or force. 

r a distance from origin; radius of gyration (in colunifi forfiiiiliwi . railiiia, 

R » reaction at support; r(*sultant force; radius; riiditw of noL 

Ri =8 reaction at leh support; radius t>f inside siirftice of laifve*! tnmm nr 

hook. 

Ri « reaction at second support; radius of outside surface of mirvetl bniin 
or hook. 

R 0 - radius of neutral surface of curvis! beam or hook 
9 « unit stress, 

9tj Sgf So “ Unit tensile, sliearing, and compressive sirtw. 

Su « ultimate unit stnm 
Stff « allowable unit stress. 

a « unit stress resulting from eombinerl sluutr and tension or mmmrrmmt 

0 m uftifc j-yj (^xtnmie fibers. 

« unit stress at concave surface of mirved iHuim. 
oa sa unit stress at convex «urfjit*e of eurvetl beam, 
o, « unit shearing stntss at surface of shaft. 

1 “ thickness. 

T m torque; tension. 

U m work. 

Up - modulus of resilience, 
e « distance from ncmtral axis. 

V » total vitrtical shear. 

Vab » total shear near support A in span joining 4 f 4 » it 
w w. distributed loa<l per unit of length. 

« total load uniformly distributed. 
x,yyz^ codrdinat(?s of mm ter of gravity. 
y ®* deflection in a beam or column, 

Vab « deflection at R due to a load at 4. 
ymais • maximum deflection in a beam or column, 
c « unit deformation. 

5. « unit shearing deformation 

p • coefficient of friction. 

<r « Poisson's ratio. 

P " (density ; radius of curvature. 

angk?8 in figure. 
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CHAPTER I 
STRESSES 

1. Strength of Materials. — That branch of Mechanics which 
treats of the changes in form and dimensions of elastic solids and 
the forces which cause these changes is called The Mechanics of 
Materiah. When the physical constants and the results of ex- 
perimental tests upon the materials of construction are included 
with the theoretical discussion of the ideal elastic solid, the entire 
subject is called The Strength of Materials or The Resistance of 
Materials. 

2. Tension. — Support one end of a band of soft rubber, and 
attach a small hook to the other 
end, as shown in Fig. 1. Now 
apply a small weight to the hook. 

The rubber band is stretched; its 
length is increased by an amount 
a, while its cross-section is dimin- 
ished. Add a second weight. If 
the second weight is equal to the 
first one, the elongation 6, which it 
causes, is equal to that caused by 
the first weight. Remove the 
weights, and the rubber band re- 
turns to its original length and 
cross-section. 

If steel, iron, wood, concrete, 
stone, or other solid material is 
used instead of rubber, the results 
are similar. There is this apparent difference: while the rubber 
may be stretched to twice or three times its original length and 
still return to its original size and shape after the load 
is removed, one of the other materials may be stretched 
only a very small amount (usually less than 0.002 of its 
length), without receiving a permanent change in its di- 
mensions. Again, the force required to produce a relatively 
small increase in the length of a rod of wood or steel, for instance, 

1 



Fig. 1. — Rubber bands in 
tension. 
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Fig. 2. — Com- 
pression. 


is many times greater than that necessary to double the length 
of a soft rubber band of equal cross-section. These differences 
between the behavior of soft rubber and other solid materials 
are differences of degree and not of kind. Essentially they are 
alike. 

The rubber bands shown in Fig. 1 are subjected to the action 
of two forces: the force of the weights pulling downward, and the 
reaction of the support pulling upward- The bands are in ten- 
sion, A body is said to be in tension when it is subjected to two 
sets of forces whose resultants are in the same 
straight line, opposite in direction, and directed 
away from each other. 

3. Compression. — When a body is subjected 
to two sets of forces whose resultants are in 
the same straight line, opposite in direction, 
and directed toward each other, it is said to be 
in com'pression. In Fig. 2, the block B is in 
compression under the action of the 50 pounds 
pushing down and the reaction of the support 
pushing up. The effect of compression upon a 
body is to shorten it in the line of the forces and increase its 
dimensions in the plane perpendicular to this line. 

Tension and compression may be represented as in Fig. 3, 
where the arrows represent the forces, 
and the small rectangles represent the 
bodies, or portions of a body, upon which 3 

the forces act. The rectangles are often 

omitted; a pair of arrows with their heads together indicate 
compression, and a pair with their heads in the opposite sense 
indicate tension. 

4. Stress; Total Stress. — The force exerted by one body 
upon another at their surface of contact is called the stress 
between the bodies or the total stress between the bodies. If a 
single body be regarded as cut by an imaginary surface, the force 
exerted across this surface by either portion of the body upon the 
other portion is the total internal stress in the body at the section. 
In the case of an internal stress, if the forces are such that the 
portions of the body are pushed together at the imaginary surface, 
the stress is compressive. If the forces tend to pull the portions 
apart, the stress is tensile. Compressive stress at the surface of 
contact of two separate bodies is called bearing stress. 
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All parts of the bar AB, Fig. 4, are under tensile stress. The 
total tensile stress at any section CD is the load L and the weight 
of the hook and of that portion of the bar below the section. 

All parts of the block in Fig. 5 are in compression. The total 
compressive stress at any section JK is 10 pounds plus the weight 
of the portion of the block above the section; or, since action and 
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Fig. 4. — Tensile stress. Fig. 5. — Compressive stress. 

reaction are equal, it is the upward reaction at the base minus 
the weight of the portion below JK, 

6. Unit Stress; Intensity of Stress. — The unit stress at any 
surface is the total stress at the surface divided by its area. Unit 
stress is frequently called intensity of stress. In American engi- 
neering practice, unit stresses are usually expressed in pounds 
per square inch. Compressive stresses in masonry are some- 
times given in tons per square foot; the bearing pressure of 
masonry upon soils is always so expressed. English engineers 
frequently use long tons per square inch to express the intensity 
of stress in steel and similar solids. Continental engineers,* 
of course, use kilograms per square centimeter- Physicists, the 
world over, prefer dynes per square centimeter. In the case of 
tensile or compressive stresses, the surface considered is a plane 
section perpendicular to the direction of the forces, unless other- 
wise stated. 

Pounds per square inch are frequently written Ib./in.^ 


Problems 

1. The rod AB, Fig. 4, is circular and 2 inches in diameter. If the load L 
is 16,000 pounds, and the weight of the hook and the lower part of the rod 
are neglected, what is the unit stress at any section? 

Ans. 5,093 pounds per square inch. 

* They sometimes express stress in atmospheres. One atmosphere 
equals 14.7 Ib./in.^ equals 1.033 kg. /cm.* 
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2. If in Fig, 4 the diameter of the rod is 3 inches, what must be the load 
L to produce an intensity of stress of 6,000 pounds per square inch? 

I 3. A pier 16 inches square carries a load of 9,600 pounds. Find the 

I unit compressive stress in the pier in pounds per square inch and the 

i unit bearing stress on the soil beneath it in tons per square foot. 

I Ans. Bearing stress 2.7 tons per square foot. 

! 4. A short piece of 6-inch wrought-iron water pipe, standing on end, 

1 supports a load of 47,040 pounds. What is the unit compressive stress? 

j : (See handbook for dimensions.) Am. 8,400 pounds per square inch, 

i 6. One inch equals 2.540 centimeters and 1 pound equals 453.6 grams, 

j s Find the value of 1 kilogram per square centimeter in pounds per square 

^ ; inch and compare the result with the handbook. 

I 6. Working Stress; Allowable Unit Stress. — Working stresses 

r are the unit stresses to which the materials of a structure or 

machine are subjected. The allowable unit stress for a given 
: material is the maximum working stress which, in the judgment 

of some engineer or other authority, should be applied to that 
[■ material. As examples of allowable unit stresses, the building 

laws of New York City and the American Railway Engineering 
and Maintenance of Way Association recommend 16,000 pounds 
per square inch as the allowable unit tensile stress in structural 
steel. The United States Department of Agriculture gives 
1,000 pounds per square inch as the allowable compressive stress, 
parallel to the grain, in long-leaf yellow pine, and 215 pounds per 
square inch across the grain. 

The following should be memorized: 

A steel bar 1 foot in length and 1 sguare inch in cross-section 
j weighs 3.4 pounds. cx 

One cubic foot of water weighs approximately 62.5 pounds. 


Table I. — Average Allowable Unit Stress 


iMaterial 

Pounds per square inch 

Tension 

Compression 

Structural steel 

16,000 

12,000 

3,000 

16,000 

12,000 

15,000 

1,200 with the grain 
250 across grain 
1,000 with the grain 
400 across grain 
450 

300 

Wrought iron 

Cast iron 

Long-leaf yellow pine 

Long-leaf yellow pine 

White oak 

White oak 

Portland cement concrete 1:2:4.. 

Portland cement concrete ....1:3:6.. 
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STICKSSNS 


ProhlainB 

dtiUi (if ahcivt^ tiihlr imU*m (ithtirvvim^ 

1. Finti tlui total allowable' load in naupr(*i4Hi<>o, paralli'l to ilM» grain, 
which may bo applicHl to a (Finch by (Vinch abort lilock of long-loaf yedlow 
pint^ /Ina. ponndH, 

2- Wliat i« the bnaidth of a atntctnral atccl oyi'diar, I incli in tlu(’kncM,s^ 
which exertif a pull of tHh(HH) poundn? 

3. What nhould be th*' dienenHtonH of a cubical blot'k of whiti' oak which 
^upportH a load of bbbfK) pounda? (dVo cimcH,) 

4. What in the allowalih^ pull <»n a ?tCdnch wrough! iron bolt? (S(M' 

handbook for dinucnmona.) .*i,b24 poundn. 

5. A (Fint'h by (Finch aliort white oak poat Htanda on a cantdron baHt?« 
plate wliic’h iaaupporttai by a pit'rof 1:2: d concrete. If tin' poat in aubjected 
to iti! allowable aafo load, what m the minimum nrert of th<' pier? 

HO wpiare in(*h(*H. 

6. If the pier in Frolihnn fi h 12 inches mpmre at the top, 0 fe('t liigh, 
and enlarges (o form (In* fnmtum of a pyramid, what niuat b<' (be anui of 
the lower baae if (he allownbh’ bearing at re?(H un tlienoil ia 2 tonn piu’wcputrc 
foot and (he weight of (ht' pier ia lu’glecfed? Holve nkm. Inking into 
nwount (ht' weij^ht of (ht* pier. (( *ubic foot of concreb* weighn IfiOpiiundH. i 

T* A tank wciglnng IfiO pounda and holding 12 ctilne feet of watt'r ia aup- 
ported by two wroughldron bolfa with endi (hnauh'd. In the con- 

struction sab'? 

7. Deformfttioni; Unit Deformation. T\m ehangon in <li- 
nionHitniH wdiioh oecur when ftirrtm aro applied to a body ar<^ called 
dehuunationH. In Fig. 1, tlu^ iiicreaHi* <if huigth, «, which taken 
fdacc! whoa the firat load in applied in the defijroiation dtp' to that 
loadi tlie increaHe h in ilie (leformaiitui doe to the Hiaunid load, 
and a 4» the deformation dm^ to the tw<i loaiin. Tlte defor- 
matiem pnalutHal by a tfumih form^ or putl is an i^lungnUon; that 
caused by a eomprmmm forcts or pmh in a comptrmion. A defor- 
maihm which remaiiiH after the force in removinl in calbnl a net 

If nit deftirmaiiort in a body ia the deformation ihu* unit hmgtlu 
In a lair of uniform eroHH-wmtion it in ealeulated by dividing th(% 
total deformation in a given length by the original length. I'ht'i 
length a in Fig. I divided hy tlie original length of the l>and w tlu! 
unit elongation dui'i to the firpt load. It m freipnmtly convenient 
to cmwider unit dcdi^rmation m the ratio of the deformiition to 
the original length. It in then called the rehtimi drfdrmatiim. 

In algebraic e(|Uatioiw many authora repreaent unit deforma- 
tion l)y the letter I ({>ronounced dedta). 

Deformation in frc«|uently called HiraitL 41io word, drnin^ 
formerly waa uaed m a aynonym for and it in wtill taanetinu^H 
heard in that mmmVf but the general practice of technical liU^ra- 
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ture, at present, is to use strain to mean deformation. When 
employed in this book it will always have this meaning. 

Problems 

1. A bar is subjected to a tensile stress and a portion of it, originally 8 
inches long, is stretched 0.0052 inch. Find the unit elongation. 

Ans. 0.00005 . 

2 « A wooden post under compression is shortened 0.144 inch in a length of 
16 feet. Find the unit compression. Ans. 0.00075. 

3 . The coefScient of expansion of iron is 0.000012 for 1*^C. What is 
the unit elongation and the total elongation in an iron rod 20 feet long 
when the temperature changes from 50°F. to 20°C.? 

4 . In the tension test of a bar of cast iron, it was found that a pull of 
7,000 pounds per square inch produced an elongation of 0.0044 inch in a 
length of 8 inches. What was the relative elongation? Ans. 0.00055. 

8, Elastic Limit. — When a stress is applied to a solid body 
and then removed, the body returns to its original size and shape, 
provided the stress has not exceeded a certain limit. If the 
stress has gone beyond this limit, the body does not return 
entirely to its original dimensions, but retains some permanent 
deformation or set. The unit stress at this limit is called the 
elastic limit of the material. A wrought-iron rod is stretched 
about 0.006 inch in a length of 8 inches by a pull of 20,000 pounds 
per square inch. When the load is removed it returns to its origi- 
nal length. The unit stress of 20,000 pounds per square inch 
is below the elastic limit of wrought iron. If the load is in- 
creased to 30,000 pounds per square inch, the elongation in 8 
inches becomes, perhaps, 0.075 inch. When this load is removed 
the rod shortens only 0.009 inch while the remaining 0.066 inch 
persists as a permanent set. The elastic limit is below 30,000 
pounds per square inch. 

The elastic limit cannot be determined exactly. A test piece ' 
may appear to have no permanent deformation when measured 
with the usual apparatus and still show some set when more 
delicate instruments are employed. Time also is a factor. If 
a load is applied for a considerable period, it causes somewhat 
greater deformation and relatively considerably greater set than 
if the time of application is short. Some materials, such as 
steel, after having been subjected to comparatively large unit 
stress, shows some deformation shortly after the load is removed, 
which may partly or entirely vanish after some little interval. 


Chap. 1] 


STRESSES 


7 


9. Modulus of Elasticity. — For all stresses below the elastic 
limit the unit stress bears a constant ratio to the unit deforma- 
tion, The quotient obtained by dividing unit stress by the 
accompanying unit deformation is called the modulus of elasticity 
of the material, or Young^s modulus. In algebraic formulas, 
modulus of elasticity is represented by the letter E. Writing 
the above definition algebraically. 

* Formula I. 

where E is the modulus of elasticity, 

^ is the unit s t ress, 

^ is the unit deformation. 


Problems 

1. A steel rod of 1 square inch cross-section is tested in tension. It is 
found that a pull of 17,700 pounds stretches 8 inches of the rod 0.0048 inch. 
Find the unit elongation and the modulus of elasticity. 

Ans» Modulus of elasticity equals 29,500,000 pounds per square inch. 

2. A wooden block 4 inches square and 16 inches long is tested in com- 
pression. It is found that a total load of 8,000 pounds shortens 10 inches of 
the block 0.0040 inch. Find the modulus of elasticity of this wood. 

Ans. 1,250,000 pounds per square inch. 

3. A bridge post made of two 12-inch channels, each weighing 25 pounds 
per foot, was shortened 0.008 inch in a length of 40 inches by the weight of a 
moving train. If E - 29,000,000 pounds per square inch for this steel, 
find the additional load due to the train which this post carried. 

Ans, 85,260 pounds. 

4. In a tension test of cast iron at the Watertown Arsenal, an increase of 
unit stress from 1,000 pounds per square inch to 6,000 pounds per square 
inch produced an increase in length of 0.0034 inch in a gage length of 10 
inches. Find E for this cast iron. 

6. A wrought-iron column, tested at Watertown Arsenal, was 11.31 square 
inches in cross-section. When the load was changed from 5,000 pounds to 
100,000 the column shortened 0.0610 inch in a gage length of 200 inches. 
Find F for this wrought iron. 

The following values of the modulus of elasticity for some 
common materials in direct tension or compression should be 
memorized. 

* Important formulas, which should be memorized, are designated by 
Roman numerals in this book. 
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Table II.— Modules of Elasticity 


Material 

Modulus, in pounda 
per square inch 

Structnrfl.l steeL 

29.000. 000 

30.000. 000 

27.00. 0000 

15.000. 000 

1.000. 000 to 2,000,000 

2.000. 000 to 4,000,000 

Hard steel . 

Wrought iron.. . 

Cast iron 

Timber (parallel to the grain) 

Portland cement concrete 



Problems 

6. A bar of structural steel, 1 inch by 2 inches, is stretched 0.0048 inch 
in a length of 8 inches. What is the load applied? Am, 34,800 pounds. 

7 . A cast-iron rod is subjected to its allowable tensile stress. What is 
the elongation in a length of 50 inches? 

8 . The temperature coefficient of steel is 0.0000067 per degree Fahren- 
heit. How much stress is developed in a rod of structural steel when 
the temperature changes from 80°F. to 20°P. and the rod is not allowed to 
contract? 

9 . A foreign handbook gives the modulus of elasticity in kilograms per 
square millimeter as follows: 


Steel 20,400 

Copper (drawn) 12,400 

Brass 10,800 

Aluminum (drawn) 7,500 


Reduce these to pounds per square inch. 

10. A cast-iron bar 2 inches wide and 1 inch thick is placed between 

two structural-steel bars each 2 inches wide and % inch thick. What total 
pull will stretch the combined bar 0.0018 inch in a length of 8 inches, and 
what will be the unit stress in each material? Does either unit stress exceed 
the allowable value? Am. Total pull, 23,062 pounds. 

11 . A structural-steel bar 6 inches wide and 1 inch thick is placed between 
two wrought-iron bars each 4 inches wide and inch thick, and a total pull 
of 125,100 pounds is applied to the combination. What is the unit tensile 
stress in each material? 

12 . A 1-inch round steel rod passes through a brass tube 1 inch inside 
diameter and 2 inches outside diameter. A nut on the steel rod is turned 
until the tensile stress in it is 6,000 pounds per square inch. Find the unit 
compressive stress in the brass tube. How much additional stress is 
developed in each if the temperature is raised 40°C., and the coefficient of 
expansion of the steel is 0.000012 and that of the brass 0.000018? Use 
29,000,000 as the modulus of the steel and take the modulus of the brass 
from the result of Problem 9. 
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10. Physical Meaning of E. ■'Forinuhi I of Article 9 may bo 

wri<4.(^n 


If .s‘ l)e nuul(i (Hiual to unify, B boronien <‘qual to 3/ With tho 

/o 

(!onunon (iUKiJnMU’ing imitH, the muproi’al of E in tho unit dofor- 
niation i)roduu(‘<l by a unit load of 1 i>ound por Hcpiarc inch. 
For Ht(H‘l having a inodiiluH <d 30, 000, 000 pomulH p(*r Hcpiare 
inc.h, a unit HtrtnsH of 1 pound ptn* H(puir(‘ inch in chivtdoped when 
the dciformatiou in one; f hirty-ndltionth of the original length, 

Examplefi 

tSfdve without writing 

1. If wood having a luodulun of l,r>(KMH)0 poundH per Hqnaro inch i« 
Htihjcctcd to a OaiHiht ntrcHM of r>(H) p<HindH p<*r Hfjuan^ inrh, what in ite elonga- 
tion p('T inch of length? What, in the total elongation in a length of 5 feet? 

2. A 24ne!i by 2»ineh wooden hloek in Hid)j(?ct(‘d to a cornprenHivo load 
of 2,0<K) pountln. If the UKiduhw of cluHtieity paralhd to the rih(‘rH m l,r)(K),- 
(HK) pouiuln per HCjuare inch, what in the unit eoinprcHmon, and what m the 
total eompn*HHi<ni In a h»ngth of 21 inehf‘a. 

3. If Htca^ haa a inoduluM of ;i0,()<K),(KH) pountla per Hfpiare inch, what in 

th(^ unit ehaigation tltU' to a Hln‘HH of pouiidn jmt nejuare inch? 

What will h(^ the ehnigation in a aOnd ta|M^ 200 bait hirig due to thin HircMH? 

4. What in the unit cdongatiou in eaat irt)n wh<m thc^ unit tenaile atrean 
iH at it« allowable value? 

Formula I may tdno \h\ writkm 

wliicdi dedineft K m ilu* c.oefUcient winch multiplied into the unit 
<kdorma!Son givc*H flu* unit ntrcHH. It ludpB to fix our idcan if 
we couHider tlu*. cant^ wluu’e t hc^ unit deformation in 0.001. We 
may tlu*n defiru^ the moduIuH an 1,000 timcH the unit HtrewB which 
produca^B a unit defornmtion of 0.001 of the original length. 

Eiampldi 

Solvti wUhout writing 

6. If tlie inoduluH of Hteel in 00,000,000, wluit in the unit wtrena when the 
unit deformation i« 0.00 1? If the \mit defonnation m 0.0005, what In the 
unit Btrcfiw? If a akHtl nal 40 inehew hmg i« Htretehcd O.OOB inch, what is th(^ 
unit stresa? What total pull will streteh a Inir 2 inches iquare 0.024 inesh in 
a length of 5 fecst? 

6. If the nuKiulus wliite oak m 1,500,000, what is tho unit stress wliieh 
produces a unit elongation of O.OOl? I» this mom or less than the allowable 
tinit <'(irtuireHHiv<* Htress? 
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I If b be made equal to unity in Formula I, s becomes equal to 

I E. From this relation the modulus of elasticity in tension is 

1 . sometimes defined as the unit stress which would double the 

I length of a rod of uniform cross-section, if such doubling were 

I possible without breaking the rod or exceeding the elastic limit. 

I 11. Work and Resilience. — When a force acts on a body and 

I motion takes place in the direction of the force, the force is said 

: I to do work. The distance which the point of application moves 

: I is called the displacement The work done by a constant force 

I I is the product of the force multiplied by the displacement. If P 

f represents the constant force and x represents the displacement of 

i I its point of application, the work is the product Fx, provided the 

1 1 force and displacement are in the same direction. If the force is 

in pounds and the displacement is in feet, the work is expressed 
in foot-pounds. If the force is not constant the work is the prod- 
uct of the average force multiplied by the displacement. When 
r| an elastic body is deformed, the force varies directly as the 

j displacement (provided the elastic limit is not exceeded) and the 

average force is half the sum of the initial and final forces. 

Suppose a given spring is stretched 3 inches by a load of 24 
pounds, and it is required to find the work done on the spring 
by the load. The average pull is 12 pounds and the total work 
is 12 pounds multiplied by 3 inches, or 36 inch-pounds. Now 
I suppose an additional 16 pounds be added, producing an addi- 

i tional elongation of 2 inches and making the total elongation 5 

! inches in all. To find the work done when the additional 16 

4 pounds is applied we take the mean of 24 pounds and 40 pounds 

r and multiply by 2 inches, from which we get 64 inch-pounds. If 

the entire 40 pounds be applied at one time, 

1 rr ® “I” 

I U = - X 5 = 100 inch-pounds. 

’ Problems 

- ■ i 

I 1. A given spring is stretched 1 inch by a load of 12 pounds. How much 

j will a load of 48 pounds stretch it and what is the work done on the spring 

i in foot-pounds? Ans. 8 foot-pounds. 

2. K the spring in Problem 1 carries an initial load of 48 pounds and an 
j additional load of 36 pounds be applied, producing an additional elongation 

of 3 inches, find the work done in stretching the spring these 3 inches. 

* Ans, 16.5 foot-pounds. 

; 3. If to the spring of Problem 1 a load of 84 pounds is applied when 

; there is no, initial load, what is the total work? Compare the result with 

; the answers of Problems 1 and 2. 
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4. Find the work done in stretching the spring of Problem 1 a distance 
of 10 inches with no initial elongation. Also, find the work done in stretch- 
ing it 10 inches from an initial elongation of 2 inches- 

6. A load of 7,200 pounds is applied to a steel rod having no initial load 
and stretches it 0.02 inch. Find the work in foot-pounds. 

Ans. 6 foot-pounds. 

6. A pull of 60,000 pounds is applied to a steel rod of 5 square inches 
cross-section. If the modulus of the steel is 30,000,000 pounds per square 
inch, what is the work done in a length of 20 feet? Ans. 240 foot-pounds. 

7. What would be the work in Problem 6 if the load were applied to 
a rod of 3 square inches cross-section and 20 feet in length? 

X 8- The allowable compressive stress is applied to a cast-iron bar 2 inches 
square and 10 inches long. Find the work in foot-pounds, 

Ans. 25 foot-pounds. 


The work done in deforming an elastic body is stored up as 
elastic energy, which may be recovered as mechanical work when 
the load is removed. This elastic energy is called the resilience 
of the material. If the unit stress does not exceed the elastic 
limit, practically all the work which is put into it is recovered. 
If it goes beyond the elastic limit, part of the work is lost. 

12. Modulus of Resilience. — The work expended in deform- 
ing unit volume of any material to the clastic limit is called the 
modulus of resilience of the material. It is the elastic potential 
energy of unit volume when stressed to the elastic limit. The 
modulus of resilience is a measure of the amount of energy which 
may be stored in a given material and recovered as mechanical 
work without loss. 

If we consider a cubic inch of material subjected to unit stress 
s s 

Sj the deformation is and the average-force is the total work 

5 S 6* ^ 

^ X == Ye' Formula II. 

/ \ 

This expression! energy in unit volume = ^ I gives the energy 

for any value of s bdow the elastic limit. When s is the unit 
stress at the elastic limit, the expression is the modulus of resili- 
ence. When s and E, are given in pounds per square inch. 
Formula II gives the energy in inch-pounds per cubic inch. 

The total elastic energy in a body, all parts of which are sub- 
jected to a unit stress s, is obtained by multiplying the total 
volume of the body by the energy per unit volume, and is inde- 
pendent of the form of body. 
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Problems 


1. Find the modulus of resilience of structural steel having a modulus of 
elasticity of 29,000,000 pounds per square inch and an elastic limit of 

32.000 pounds per square inch. An$. 17.6 inch-pounds per cubic inch. 

2 . Find the modulus of resilience of spring steel for which E equals 

30,000,000 pounds per square inch and the elastic limit is 90,000 pounds per 
square inch. Ans. 135 inch-pounds. 

3 . A 2-inch round steel rod is subjected to a pull of 80,000 pounds which 
produces an elongation of 0.0105 inch in a 12-inch length. What is the 
total work and the work per cubic inch? 

4 . What is the modulus of resilience of timber for which the modulus 
of elasticity is 1,500,000 pounds per square inch and the elastic limit is 

3.000 pounds per square inch? 

6. How high can the energy stored in a cubic inch of the steel of Problem 
2 lift its own weight? Ans. 39.7 foot. 

6. How high can the energy stored in the timber of Problem 4 lift its 
weight, if a cubic foot of this material weighs 36 pounds? 


In calculating the work of resilience, we used the average 
force multiplied by the deformation. We may obtain the mne 
results by means of the CJalculus. 

Let X represent the total elongation of a rod of length I and 
unit cross-section; and let dx represent an infinitesimal incre- 
ment of this elongation. When the elongation is x the unit 

X Ft 

elongation is j and the unit stress is — • 


The work done in causing an elongation dx in the rod of unit 
cross-section is the product of this unit stress multiplied by dx. 


jEcc 

Increment of work = -j- dx. 


Total work 




X3 Tp 

L / 2 
X 2/^ 


4 ), 


( 1 ) 

( 2 ) 


where Xi and x^ are the initial and final elongations respectively. 
Substituting for xi and X 2 their values in terms of the stress, we 
get: 

Total work = X volume. (3) 

If the initial stress is zero, equation (3) becomes Formula II. 


Problems 

7. Derive equation (3) by means of average force, without integrating. 

8 . Find the work done on 100 cubic inches of cast iron in compression 
when the unit stress changes from 0 to 5,000 pounds per square inch, and 
when it changes from 5,000 to 10,000 pounds per square inch. 
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13, Poisson’s Ratio. Wlini a body in suhjiH’tod to a lonHibi 
HiroHM it is ol(»u|^nt«*d. iho niiioiiiit t»f t^lofigntiou, provided ilu* 
unit HtroHH dons not t‘xrrnd Utr nliintir Iniut, binoK proiHutioind 
Ui ihf^ Hf At f lu* .Hiinm tirnn dn tluiiunttu* in dimuuHhnd. ^I'hn 

ratio tjf fluH rnlaUvr d^nnainn ui dtaiufiiT to tho unit in(*r«amo in 
kaigih in nnltoTF Ikii: itin'.H ratio, d'ho vnluo of fUia rniio vnrioH 
with tla^ matorial, laif it lan.^iually in tin* nni^fjibtirliood of It 
in liboitt 11.27 for stnol. II a stout rotl i.H ulouf^iitud tl.CKH of its 
lungth, it44 diann*tur is duniniahrd about (ItMHriT of its original 
valine d1n* hhuu^ relation holds tn noiupruHjuon, 

PoisHoidH ratio uill br ru|jruHi‘ntnd in this btiok by tho (bonk 
Inttnr a.* 


nrt*htf^nn4 




1. 'ruloniu!; ItiiwiMu’ii oum ?!« n 27 fiiul thr aiMUnItiw <tf rliiiiiirii v as 2U,(HHn 
tHKI |H»tui«iM |iur suuitr** m«’h. fin4 «irrrfa?«- in wnttli «»f a I iin’h t»v ri iarh 

bar liar tu a }nill nf liKIJMHI ismniU? An,i, cnaKHKi uu’h. 

2. In Prithluin t. if tlwainf rUrt^nn l»ri»|n»rtn»nid u* fhi-* unit ti**fnrinat imu, 
what. ii4 thn franavrrwn unit r«an|ir*wivt» 

Ann h, ino |M»unda fiar iin h. 

S. PiMMwnn’a ratio for ro|»|»*a’ 13 and P* in abdut UMSHttHMl |ii4inni« jmt 
fa|uaru innh. Itow inUf li i« thi^ ilmnnUt r of a 2 lUfh routiil rominr omI 
inrrtananf wlnui aiibjiHarti fs» a niiiinri fiavo Itiati of IHiunda? 

Ann, triKHKia mrh. 

4» A atn<4 fihito In aiihjurtfat to a t«*n*iilr' fifro«.» of Ti.tttSt Urratiuafn 

iftuh parallnl i*» thn X a^ta wtni a UuimIo nf tl.tHM) iioiinib ja^r atptarn 

ittrh |iitrallnl to thn F a%ia,, If K S<tO(MI,CMMt |iountta |ior wiuarn inrh and 
Poiftson’a ratio k what i?i thn unit fh4t»rinali«in in thtMitriaSlon of raah 

nollrthiiittn mml 


X IMKMrif* ntonicaiion. 

,.ln«. I r ll.fMMItO riongation. 

, /C O.IMSHf* i4ii|it|irniiiiton, 

Hill VO Pri.ihlvin I if thp unit along tho Y ania i« lannfirr^ion, 
( X umm niongtttioti 

.Ifin, • r n.tMSKMI noinftmwion. 


Wtuui Inuxiiit loiids itrt^ jt|i|ihtnl m in ProhlniuH 4 tuid f> fho tiiiii 
dnforiuidion may la* gnmtvr *tr !i*^hn than that thin to aaingtn load. 
In Prohinnt B (fin uni! nlongation in (hn dirnntion of thn X axis dun 
to ihci tmiHiln strnsscif 12,1X1(1 fmuntla ja^r miuani innh i« O.lKMhKh 


* Hinrn i« no ihdlnifo namannu m .to iho aymlail for Foi^onk rafitn 

Homo writnrii iwo \ ofhiT« mp » or i» or 
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The unit compression along the Y axis due to the load of 6,000 
pounds per square inch is 0.00020, which with Poisson^s ratio 
equal to 3^^ makes an additional unit elongation of 0.00005 along 
the X axis; so that the total unit elongation along the X axis 
becomes 0.00045. According to Saint Venanfs"^ law the entire 
unit deformation in any direction due to any combination of 
stresses should not exceed the unit deformation due to the allow- 
able unit stress. In Problem 5, the unit elongation parallel to 
the X axis is the same as would be produced by a single unit 
stress of 13,500 pounds per square inch in the direction of that 
axis. 

If, in Problem 5, the unit compressive stress parallel to the 
Y axis were also 12,000 pounds per square inch the unit elonga- 
tion along the X axis would be equivalent to that which would 

be produced by 12,000 + or 15,000 pounds per square 

inch. 

The unit sti'ess which is equivalent to that which will produce 
a deformation equal to the deformation caused by a combina- 
tion of stresses, may be calculated directly by simply multiply- 
ing each unit stress by Poisson^s ratio and adding it, with the 
proper sign, to the other stresses. 

Example 

A block of metal is subjected to a compressive stress of 8,000 pounds 
per square inch parallel to the X axis, a tensile stress of 6,000 pounds per 
square inch along the Y axis, and a compressive stress of 5,000 pounds per 
square inch along the Z axis. Find the unit stress along each axis which will 
be equivalent to the stress which gives the deformation which is given by 
this combination. 

Ans, X axis — Equivalent unit stress = 8,000 + 1,500 — 1,250 = 8,250 
lb ./in. 2 

Problems 

6. A rod of material, for which Poisson ratio is and the allowable unit 
tensile stress is 1,500 pounds per square inch, is subjected to a transverse 
compression of 2,400 pounds per square inch and a pull in the direction of 
its length. What is the maximum allowable pull? 

Ans. 900 pounds per square inch. 

7. The rod of Problem 6 is subjected to a transverse compression of 
2,000 pounds per square inch in one direction and a second transverse 
compression of 1,200 pounds per square inch at right angles to the first. 
Find the maximum allowable pull in a direction at right angles to the plane 
of these compressive stresses. 

* Saint Venant’s law and other theories in regard to the allowable unit 
stress are discussed further in Chapter XVIII. 
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/ 14. Volume Change and Modulus of Elasticity. — When a 
solid is subjected to stress in one direction there is a slight change 
in volume. If a body of unit dimensions is elongated an amount 
8 by an external pull, its length becomes 1 + 8 and its transverse 
dimensions become 1 — <r5 where a is Poisson^s ratio. 

Area of cross-section = (1 — <r5)^ = 1 — 2 cr5 + (crSy, (1) 

Since a8 is small, being never greater than 0.001, its square, which 
is relatively much smaller, may be neglected, so that, approxi- 
mately. 

Area of cross-section = 1 — 2 (2) 

Multiplying by the length, 

Volume = (1 - 2 <t8){1 + 3) = 1 -h (1 - 2 <r)5 - (3) 

of which the last term, 2 may also be neglected, so that 

Approximate volume = 1 + (1 — 2<r)5. (4) 

Subtracting the original volume of one cubic unit. 

Increment of volume = (1 — 2 or) 5. (5) 

These formulas apply only to the temporary deformations below 
the elastic limit. For the permanent change of form which 
occurs when the elastic limit is exceeded there is practically no 
change of volume. 

Problems 

1, A 1-inch cnbe is stretched 0.0008 inch. If Poisson’s ratio is 0.26, 

how much is the area diminished and how much is the volume increased? 
Solve without using formulas. Ans. 0.000410 square inch decrease. 

0.000384 cubic inch increase. 

2. A steel bar 2 inches square is subjected to a compression of 60,000 
pounds. If E is 30,000,000 pounds per square inch and Poisson’s ratio is 
0.27, find the decrease in volume per cubic inch and the total decrease in a 
length of 5 inches. 

A more important case is one in which a solid is submerged 
in a liquid under pressure, which gives it a compressive stress in 
all directions, and produces a decrease in volume. The quotient 
obtained by dividing the unit pressure by the relative decrease 
in volume is called the modulus of volume elasticity. If the 
pressure of 3,500 pounds per square inch reduces the volume of 
originally 1 cubic inch to 0.9995 cubic inch, the modulus of 
volume elasticity is given by 

Ev = = 7,000,000 pounds per square inch. 
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Problems 

3. A block of steel has its volume changed from 8.440 cubic inches to 
8.436 cubic inches by a pressure of 10,000 pounds per square inch. Find 
the modulus of volume elasticity. 

Ans. 21,100,000 pounds per square inch. 

4. A copper cylinder for which equals 16,000,000 pounds per square 
inch is sunk in water to the depth of 24,000 feet. How much is its volume 
diminished? 


The modulus of volume elasticity may be calculated from E and 
Poisson^s ratio. If a cube of unit dimensions be subjected to unit 

s 

pressure 5 in the direction of any axis, it is shortened ^ in the 

direction of the pressure and is elongated ^ along each of the 

two axes at right angles to the direction of the pressure. When 
there is a compressive stress 5 in every direction, the compres- 

sion along any axis is made up of the direct compression ^ due to 

.the pressure in that direction and two elongations of each due 

£/ 

to the pressure along the other axes at right angles to the first. 

Total compression == 4 — ^ 4 ^ = — 2cr). (6) 

E Ji/ E 

The length of each edge of the cube becomes 1—^(1 — 2 or), and 

Final volume = 1 1 —^(l—2<r)|* = l—^(l-2<r) + 

^(1 -2<r)^+,etc. (7) 

Dropping the terms containing the higher powers of and sub- 
tracting the original volume of one cubic unit, 

Decrease in volume = ^ (1 - 2 o-). (8) 

Dividing the unit pressure s by the unit decrease in volume to get 
the modulus of volume elasticity, 


s 


E 


(l-2<r) 


E 

3(1 - 2<t) 


E, 


(9) 


II 
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'■ral>Ifi HI is taken from cxpcrimcntH by E. H. Amagat {An- 
natea da (Ihmiie et dc Phyncpic, 1891, page 118). 


'I'AlinB III.— LiNKAH ANl> VoUIMM El.AHTIClTV 


Muttirlml 


M<MhiUi« of 
vol. olHwtiolty, 


Mo<iulu« of olfiHtioity, E» 
Ib./in.a ’ 


Ini method 


2(1 iiuithod 


AND Poisson’s Ratio 


I’oiSBon’s ratio, <r 


iMfc method 


2d method 


Htod 

( 

Bm«8 

...... 

iislfiss,. , 
...... 


21, cm), 000 

17,l5:i,(XK) 
15,424,(KK) 
5,324,(K)0 
0,1 12, (KM) 
0,091,000 


29.890.000 
I7,008,CKK) 
15,700,(KK) 
2,a90,0(K) 
9,170,000 

10.280.000 


30.072.000 

18.090.000 

10 . 202.000 

2,195,000 


0.2694 

0.3288 

0.3305 

0.4262 

0.2499 

0.2451 


0.2679 

0.3252 

0.3236 

0.4313 


Problems 

0. Hhow that if Poisson's ratio is modulus of volume elasticity is 

twii-thirds of the modulus of linear elasticity. 

6. If A’ for luird stool is 30,000,000 pounds per square inch, and Poisson’s 
ratit» is 0.27, find the modulus of volume elasticity. 

T* Taking the values of Poisson's ratio and E from Table III, calculate 
A'lf for oopper and lead. 

Miscellaneous Problems 

1. A stick of Douglas fir tested in tension at the Watertown Arsenal 
(*' Tests of Metals," 1896, page 405) showed an elongation of 0.0427 inch in a 
gag«i length of 200 inches when the load per square inch changed from 
100 pounds to 500 pounds. Find E, 

Ana. 1,874,000 pounds per square inch, 

2. A icieond stick of Douglas fir tested in tension (1896, pages 407-09) 
ihowetl an elongation of 0.1015 inch in a gage length of 200 inches, and a 
dwriiasci of width of 0.0020 inch in a width of 12 inches when the load 
changed from 100 pounds to 1,000 pounds per square inch. Find the 
modulus of elasticity in tension parallel to the grain and Poisson’s ratio. 

Ana. Poisson’s ratio, 0.33. 

S* In a comprewsivo piece out from the stick of Problem 2, when the com- 
pn^islve stress changed from 100 pounds to 1,000 pounds per square inch, 
them was a compression of 0.0230 inch in a gage length of 50 inches. Find Be. 

4. A white-oak stick 11.98 inches by 9.95 inches tested in compression 
(1896, page 425) was shortened 0.0140 inch in a gage length of 50 inches 
when the load was increased from 1 1,920 pounds to 71,520 pounds. Find £7. 

5. A block of the same oak used in Problem 4 was tested in compression 

aciroii th© grain. When the unit stress changed from 20 pounds per square 
inch to 320 pounds per square inch, the compression in a gage length of 
6 Inches was 0,0091 inch. Find the modulus of elasticity of oak across the 
grain. Ana. 198,000 pounds per square inch. 

* In reducing pressure in atmospheres to pounds per square inch, I have 
iiifid 14.7 pounds per square inch equal 1 atmosphere. 
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6 . Two blocks of Douglas jfir were tested in compression across the grain. 
In the first block the compression was normal to the growth rings, and the 
compression in a gage length of 6 inches when the unit load changed from 
20 pounds to 300 pounds was 0.0081 inch. In the second block the compres- 
sion was tangent to the growth rings, and the compression in 6 inches with 
the same change of load was 0.0195 inch. Find E for each case (“Tests of 
Metals,’^ 1896, pages 396-97). 

7 . A steel tape 400 feet long hangs vertically downward in a mine shaft. 
If E is 30,000,000 pounds per square inch, how much is it stretched by its 
own weight? Solve by means of the average load and check by integration. 

Ans. 0.1088 inch. 

8 . A round steel rod tapers gradually from 2 inches in diameter to 1 inch 

in diameter in a length of 20 inches. If E is 30,000,000 pounds per square 
inch, and if it is assumed that the unit stress in any transverse section is 
uniform throughout the section, calculate, by means of integral calculus, 
the elongation of the 20 inches due to a pull of 15,000 pounds. Check the 
result roughly by comparing with the elongation of uniform rods of 1 inch 
and 2 inches diameters respectively. Ans, 0.00637 inch. 

9. A plate of uniform thickness t has a breadth b at one end of a given 
length I and a breadth c at the other end. Find the expression for the 

PI c 

elongation of this length I due to a pull P Ans. log 

Et{c — b) b 

... 



/ 

A . ' 



CHAPTER II 


STRESS BEYOND THE ELASTIC LIMIT 

16. Stress-strain Diagrams. — In Chapter I the only unit 
stresses considered are below the elastic limit. Within that 
limit unit stress is proportional to unit deformation, and Formula 
I and the equations of Article 14 hold good. Unit stresses below 
the elastic limit are the most important from the standpoint of 
the engineer, for in well-designed structures the unit stress 
seldom exceeds one-half this limit. It is desirable, however, to 
know what takes place above the elastic limit and the character 
of the final failure of the material. To secure this information, 
tests are made in which a series of loads are applied to a piece 
of the material in question, and the corresponding deformations 
are observed with suitable measuring apparatus. Table IV 
gives a part* of the results of a tension test of a rod off machine 
steel. The rod was originally 20 inches long and turned to a 
diameter of 1.31 inches. About 9 inches of the rod at the middle 
was turned down further to a diameter of 1.115 inches. A length 
of 8 inches in this middle portion was taken as the gage length 
from which to measure elongations. The rod I on the right in 
Fig. 6 (photographed from a rod exactly like the one tested) 
shows the original form of this test piece. The elongations in 
this gage length were measured by an extensometer reading to 
0.0001 inch (see Johnson^s Materials of Construction/' Fig. 
271). As there are two micrometers in this extensometer, we 
are warranted in giving the gage readings to G.5 of a division. 
When the load reached 78,000 pounds per square inch, the ex- 
tensometer was removed and the elongations takto with an 
ordinary steel scale reading in hundredths of an inch. After 
fracture the rod was taken from the testing machine, the two 

* Readings were taken at 2,000-pound intervals from 56,000 to 76,000 
pounds per square inch, and were used in locating the curve of Fig. 6. 
Readings were also taken at 2,000-poimd intervals between 30,000 and 40,000 
pounds per square inch, as it was suspected that the yield point might fall 
between these limits. 

t An analysis of this steel, made by Prof. D. J. Demorest, gave: carbon, 
0.42 of 1 per cent.; manganese, 0.71 of 1 per cent. The rod was turned from 
a bar of hot-rolled steel. 
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Table IV. — Tension Test of Machine Steel 
Diameter, 1.115 inches; area of section, 0.976 square inch; gage length, 

8 inches 


Applied load 

Elongation 

Total 

Per square inch 

In gage length 

Per inch length 

Pounds 

Pounds 

Inch 

Inch 

0 

0 

0 

0 

2,926 

3,000 

0.00085 

0.00011 

4,880 

5,000 

0.00145 

0.00018 

9,760 

10,000 

0.00260 

0.00033 

14,640 

15,000 

0.00410 

0.00051 

19,520 

20,000 

0.00535 

0.00067 

24,400 

25,000 

0.00665 

0.00083 

29,280 

30,000 

0.00795 

0.00099 

34,160 

35,000 

0.00920 

0.00115 

39,040 

40,000 

0.01075 

’ 0.00134 

40,992 

42,000 

0.0114 

0.00142 

42,944 

44,000 

0.0144 

0.00180 

44,896 

46,000 

0.0356 

0.00445 

44,000 i 

45,080 

0.0734 

0.00917 

44,500 

45,504 

0.0965 

0.01206 

45,000 

46,100 

0.0973 

0.01216 

45,872 

47,000 

0.0981 

0.01226 

46,848 

48,000 

0.0991 

0.01239 

47,824 

49,000 1 

0.1013 

0.01266 

48,800 

50,000 

0.1163 

0.01454 

50,752 

52,000 

0.1273 

0.01589 

52,704 

54,000 

0.1381 

0.01726 

54,656 

56,000 

0.1552 

0.01940 

64,416 

66,000 

0.2601 (D* 

0.03251 

74,176 

76,000 

0.4244 (2) 

0.05305 

76,128 

78,000 

0.50 (by 

0.0625 

78,080 

80,000 

0.59 scale) 

! 0.0740 

79,056 

81,000 

0.70 

j 0.0875 

80,032 

82,000 

0.76 

1 0.095 

81,008 

83,000 

0.85 

1 0.106 

81,984 

84,000 

0.99 

' 0.124 

83,000 

85,040 

1.24 

0.155 

83,200 

85,240 

1.50 

0.187 

82,000 

84,100 

1.64 (3) 

0.205 

80,000 

82,000 

1.85 (4) 

0.231 

72,000 

73,800 (broke) 

1.99 (5) 

0.247 


* (1) Diameter, 1.097 inches. (2) Diameter, 1.083 inches. 

(3) Begins to ^^neck.^' (4) Diameter of neck, 0.904 inch. 

(5) Elongation measured after fracture. Diameter of neck, 0.821 inch. 
Steel, hot-rolled; carbon, 0.42 per cent. 
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portions placed together as shown in Fig. 6, II, and the final 
elongation of 1.99 inches measured. Loads were applied and 
measured by means of a 100,000-pound Olsen testing machine 
(see Johnson^s “Materials of Construction,'^ Fig. 256). 

In order to present the results of such a test visually, it is 
convenient to use the unit 
stress and the unit elongation 
as the coordinates in a curve 
called the stress-strain diagram, 
or simply stress diagram. 

In Amei'ica, the unit stress 
in pounds per square inch is 
used as ordinate, and the unit 
deformation is taken as ab- 
scissa. In England, some 
writers use unit stress as ab- 
scissa and unit deformation 
as ordinate. 

Fig. 7 is the stress-strain 
diagram plotted from Table 
IV. One division on the hori- 
zontal scale represents a unit 
elongation of 0.01, and one 
division on the vertical scale 
represents a unit stress of 
5,000 pounds per square inch. 

Fig. 8 is a part of the 
stress-strain diagram from the 
same table plotted on an en- 
larged scale; one division on 
the horizontal represents a 
unit elongation of 0.0002 
inch per inch of length (one- 
fiftieth as much as in Fig. 7); one division on the vertical 
represents a unit stress of 2,500 pounds per square inch (one-half 
as much as in Fig. 7). 

16. Elastic Limit and Yield Point. — In Article 8, the elastic 
limit is defined as the maximum unit stress to which a body may 
be subjected without permanent deformation. Elastic limit is 
also defined as the unit stress at which the stress-strain diagram 
begins to deviate from a straight line. Defined in this way, it 



Fio. 6. — ^Steel rod tested in tension. 
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is called the proportional elastic limit . These two definitions 
give practically the same unit stress, but it is difficult to determine 
it accurately from either, owing to the facts that the curve, at 
first, deviates very slowly from the straight line; the form of the 
curve depends considerably upon the rate of application of the 
load; and there are frequently small deformations which vanish 
slowly after the removal of the external force. 

The point B, of Figs. 7 and 8, is the proportional elastic limit. 
From Table IV, for unit stresses below 35,000 pounds per square 
inch, the increase in elongation in the gage length is seen to be 
about 13 divisions for each increment of 5,000 pounds per square 
inch. Between 35,000 and 40,000 pounds per square inch, the 
elongation in the gage length is 15.5 divisions. From 40,000 
to 42,000 pounds per square inch, the stretch is 6.5 divisions, 
which is equivalent to 16.2 divisions for a 5,000-pound increase 
of unit stress. Between 42,000 and 44,000 pounds per square 
inch, the elongation is 30 divisions, and the rate of increase is 
more than five times what it is below the proportional elastic 
limit. From these figures it is evident that the increase in 
deformation between 35,000 and 40,000 pounds per square inch 
is not due to an accidental error in measurement, but that there 
is a definite change in the rate of deformation at some stress 
slightly above 35,000 pounds per square inch. 

At C, at a unit stress of 46,000 pounds per square inch, the 
curve becomes horizontal. This is the yield point Beyond the 
yield point the curve drops to a unit stress of about 45,000 pounds 
per square inch. Not only is there an increase of length with no 
increase of stress, but there is a considerable elongation with a 
diminished stress. In changing down to 45,000 pounds and back 
again to 45,500 pounds, the increase in length is nearly twice 
as great as the entire elongation up to the yield point, and five 
times as great as the elongation from zero load to a stress of 
42,000 pounds per square inch. 

The unit stress at the yield point may easily be determined 
in rapid commercial tests and without delicate apparatus for 
measuring the elongations. If we consider Table IV, we find 
that the total elongation in the gage length of 8 inches is about 

0 ii^ch at a unit stress of 44,000 pounds, and rises to more than 
i^^ch at a unit stress of 46,000 pounds. This increase in 
length may easily be measured with an ordinary scale, so that 

* Frequently called Proportionality Limit. 
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the yield point may be determined within 1,000 or 2,000 
pounds without the use of any extensometer whatever. Again, 
just beyond the yield point the elongation is increased with a 
diminished load. This may easily be determined in rapid com- 
mercial tests in which the testing machine is kept running con- 
tinuously. Before reaching the yield point, the poise on the 
beam of the weighing apparatus must be continually moved out 
to preserve a balance, showing that the stress is increasing with 
the elongation. At the yield point the ^^beam drops” while 
the elongation increases, and the poise must be moved backward 
to secure a balance. In iron or steel which has not been turned 
or polished, and is therefore covered with a coat of oxide, the 
yield point may be determined by this oxide breaking loose and 
falling. We sometimes see a portion of a rod reach the yield 
point before the remainder; the oxide falls from this portion, 
while the other parts of the bar are unchanged till the stress 
becomes a little greater. The curve in such a rod will show 
several steps or bends beyond the first yield point, corresponding 
to the yield points of the various portions. 

Owing to the fact that the yield point may be determined 
so easily, by methods which were in use before delicate exten- 
someters were available, the term elastic KmiF* is commonly 
applied to what is really the yield 'point. When the term elastic 
limit’ ^ is used in specifications, yield point is frequently meant. 
The present tendency is to employ the term elastic limit to mean 
the proportional elastic limit. The late J. B. Johnson suggested 
the term true elastic limits but this has not come into general 
use. 

17. Johnson’s Apparent Elastic Limit. — Since it is somewhat 
difficult to determine the proportional elastic limit accurately, 
especially in hard steel, where there is a wide range between this 
stress and the yield point, and in materials (such as cast iron) 
which have no yield point, the late Prof. J. B. Johnson pro- 
posed another point which he called the apparent elastic limit J’* 
He defined the apparent elastic limit as “the point on the stress 
diagram at which the rate of deformation is 50 per cent, greater 
than at the origin.” It is that point on the curve at which the 
slope of the tangent from the vertical is 50 per cent, greater than 
that of the straight-line part of the curve. 

This term has not yet come into general use among engineers, 

*See Johnson's “Materials of Construction," pages 18-20. 


Chap. II] STRESS BEYOND THE ELASTIC LIMIT 25 


In some investigations of the strength of materials, it has been 
found useful in comparing the results of different tests.* 

18. Calculation of the Modulus of Elasticity. — The stress- 
strain diagram, when plotted to a sufficiently large scale, en- 
ables us to calculate quickly the average value of the modulus 
of elasticity. If the straight line passes through the origin, we 
merely find the value of the unit stress which corresponds to some 
convenient unit elongation, such as 0.001 or 0.0005. If the 
straight line does not pass through the origin, we take the differ- 
ence of unit stress for some convenient difference of elongation. 
In either case, to get the modulus, we divide the difference in 
unit stress by the corresponding differe7ice in unit elongation. 


Problems 


1. From the curve of Fig. 8 find the unit stress which corresponds with the 
unit elongation of 0.0008 and compute E to three significant figures. 

2. From Fig. 8 find the unit elongation which accompanies the unit 
stress of 25,000 pounds per square inch and calculate the modulus of elas- 
ticity to three significant figures. 

8. From the data of Tabic IV plot the stress-strain diagram up to the 
unit stress of 42,000 pounds per square inch to the scales 1 inch equals a 
unit stress of 5,000 pounds per square inch and a unit elongation of 0.0002 
inch per inch of length. Use paper ruled in 0.1-inch units. Draw the 
curve as a light line and solve Problems 1 and 2. 

4. From Table IV calculate E, using intervals of 15,000 pounds per 
square inch. 


The stress-strain diagram gives a convenient means of find- 
ing a fair average value of the modulus of elasticity from a single 
calculation. It enables us to judge of the accuracy of the test 
by observing how closely the points approach the straight line. 

If the modulus of elasticity is computed direct from the readings, 
and considerable accuracy is desired, it is best to use the average 
of several values taken with equal intervals of unit stress. As 
the errors in reading the extensometer and setting the scale beam 
are practically constant, the relative errors are inversely propor- 
tional to the length of the intervals of stress and deformation; 

* See work of H. F. Moore in Bulletin No. 42 and Albert J. Becker in 
Bulletin No. 85 of the University of Illinois Engineering Experiment Station. 
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consequently fairly large intervals should be used. From Table 
IV, using an interval of 20,000 pounds per square inch: 


Interval 

Elongation in gage 
length in inches 

Modulus in pounds 
per square inch 

0-20,000 

0.00535 

29,900,000 

5,000-25,000 

0.00520 

30,800,000 

10,000-30,000 

0.00535 

29,900,000 

15,000-35,000 

0.00510 

31,400,000 


Average E 

30,500,000 


It is not necessary to divide out for the unit elongation, 
work may be indicated. 


20,000 


0.00535 

8 


20,000 X 8 
0.00535 


29,900,000* 


The 


On the other hand, it is best to divide the total stress by the area 
(at least for the largest reading used) since it is desirable to know 
for what range of unit stress a given modulus of elasticity holds. 


Problems 

6, Using an interval of 20,000 pounds per square inch, what error in E 
would be produced by an error of one division in the extensometer reading? 

19. Ultimate Strength and Breaking Strength. — The point F 
at the top of the curve of Fig. 7, representing a unit stress of a 
little more than 85,000 pounds per square inch, gives the ulti- 
mate strength of the steel under test. The rod at this stress was 
elongated 1.5 inches in the gage length of 8 inches, and the diame- 
ter was practically uniform throughout this length. Beyond 
this elongation, the rod began to ‘^neck;” its diameter decreasing 
rapidly at one sectioUj while the remainder was not changed. 
When the load had dropped to about 82,000 pounds per square 
inch, the minimum diameter at the neck was 0.904 inch, while 
that of most of the gage length was a little over 1 inch. It 
finally broke at a total load of 72,000 pounds, which, in terms of 
the original area, corresponds to a unit stress of 73,800 pounds per 
square inch. This is the breaking strength, the point G of Fig. 7. 

Most materials, such as wood, cast iron, concrete, and hard 
steel, do not neck; the ultimate strength corresponds with the 
breaking strength. 

20. Percentage of Elongation and Reduction of Area. — In duc- 
tile materials, such as wrought iron and steel, the percentage of 
elongation is an important factor. In the tested bar of Table IV 
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and Fig. 7, the final elongation in 8 inches was 24.7 per cent. The 
greatest relative elongation is at the neck. To show the varia- 
tion in elongation, the gage length was subdivided hy punch 
marks into 1-inch spaces. After rupture, the two pieces were 
placed together as shown in Fig. 6, II, and these spaces were 
measured with the following results: 


Interval Elongation, 

0- 1 0.17 inch 

1- 2 0.19 inch 

2- 3 0.31 inch 

3- 4 0.54 inch; included neck 

4- 5 0.25 inch 

5- 6 0.19 inch 

6- 7 0.17 inch 

7- 8 0.17 inch 



Fig. 9. — Tension test bar — 8- inch gage length. 


If we use only the interval 3"*4, which included the neck, we get 
an elongation of 54 per cent. If we take the 4-inch interval 0-4, 
we get 30.2 per cent- In order to make the results of different 
tests comparable with one another, the Society for Testing 



Fig. 10. — Tension test bar — 2-inch gage length. 


Materials has adopted 8 inches as the standard gage length. 
Fig. 9 shows the dimensions of the standard test bar of this 
length, as made from a plate. 

From forgings, castings, and other material, from which it is 
not practicable to take a test bar 18 inches long, pieces are made 
as shown in Fig. 10, with a 2-inch gage length. In Table V, it 
will be noted that the percentage of elongation is sometimes given 
for both gage lengths. 
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The percentage of reduction of area at the neck is also impor- 
tant- In the rod of Table IV, the original diameter was 1.115 
inches and the final diameter at the neck was 0.821 inch. The 
final area of the neck was 54.2 per cent, of the original area, and 
the reduction of area was 45.8 per cent. 


Table V. — Specifications for Rolled Steel adopted by American 
Society for Testing Materials, Year Book, 1914 


Material 

Tensile 
strength, 
lb. per 
sq. m. 

Yield 
point, 
lb. per 
sq. in. 

Elong. 
in 8 in., 
per cent. 

Elong. 
in 2 in., 
per cent. 

Reduction 
of area, 
per cent. 

Steel for bridges. 

Structural 

55.000 
to 

65.000 

0.5 tens. 

str. 

1,500,000 
tens. str. 

22 



Rivet 

46,000. 

to 

50,000 

0.5 tens, 
str. 

1,500,000 
tens. str. 




Rivet 

70.000 
to 

80.000 

45,000 

1,500,000 
tens. str. 


40 

Structural nickel 
steel. 

Plates, shapes 
and bars 

85,000 

to 

100,000 

.50,000 

1,500,000 
tens. str. 

1 

25 


Eye-bars and 
and pins, 
annealed 

90,000 

to 

105,000 

52,000 

20 

20 

i 

1 

35 

Billet-steel for con- 
crete reinforce- 
ment. 

Plain bars, 
struct, grade 

55.000 
to 

70.000 

3.3,000 

1,400,000 
tens. str. 



Plain bars, 
hard grade 

80,000 

minimum 

50,000 

1,200,000 
tens. str. 




Deformed 
bars, hard 
grade 

80,000 

minimum 

50,000 

1,000,000 
tens. str. 




Problems 

1 . From the above measurements, find the percentage of elongation for 
the interval 2-6, and also for the interval 1-7. 

Ans. 37 per cent., 27.5 per cent. 

2. A rod of soft steel, originally 0.874 inch in diameter, was tested in 

tension. After a fracture under a final load of 23,400 pounds, the gage 
length of 8 inches was found to be 10.98 inches, and the diameter at the neck 
was 0.499 inch. Find the percentage of elongation and the reduction of 
area. Ans. 37.2 per cent, elongation. 

67.4 per cent, reduction of area. 
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3 . The maximum load in Problem 2 was 32,850 pounds. Find the tensile 

strength. Ans. 54,750 pounds per square inch. 

4. From Table V, what should be the relative elongation in structural 
steel for bridges having a tensile strength of 60,000 pounds per square inch? 

Ans. 25 per cent. 

5 . What should be the relative elongation of hard grade deformed bars 

for reinforcement for concrete, having an ultimate strength of 88,000 pounds 
per square inch, in order to satisfy the minimum requirements of the specifi- 
cations of the Society for Testing Materials? Ans. 11.4 per cent. 

21. Apparent and Actual Unit Stress. — The unit stresses of 
Table IV were calculated by dividing the total load by the area 
of the cross-section at the beginning of the test. This is the 
usual custom and stresses are always so understood unless other- 
wise designated. Owing to the permanent reduction of area in 
a ductile material after passing the yield point, the actual unit 
stress j which is calculated by dividing the total load by the actual 
area of cross-section when loaded, may be much larger. In the 
bar of Table IV, the actual diameter, when the load was. 74,176 
pounds, was 1.083 inches, and the actual area of cross-section 
was 0.921 square inches. The actual unit stress was the quotient 
of 74,176 divided by 0.921 which is 80,540 pounds per square 
inch, while the apparent unit stress was only 76,000 pounds per 
square inch. 


Problems 

1 . From Table IV calculate the actual unit stress at the neck for the last 
two loads. 

2 . From Table IV calculate the actual unit stress when the apparent 
unit stress was 66,000 pounds per square inch. 


Before necking begins the actual unit stress may be calculated 
from the apparent unit stress and the relative elongation. The 
volume of the gage length remains nearly constant. If A repre- 
sents the original area of cross-section, the volume of a portion 
1 inch in length is equal to A cubic inches. If A' is the area of 
cross-section when the original inch length is stretched to a 
length 1 + 5, the volume is A'(l + 5). 


A = A'il + 5), A' = 
P P 

Actual unit stress ^ ^ 


A . 

1 + 5 


Actual unit stress = apparent unit stress multiplied by (I +5). 
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Problems 

3. From Table IV calculate the actual unit stress when the apparent 
unit stress is 82,000 pounds per square inch. 

4. From Table IV calculate the actual unit stress when the apparent unit 
stress is 40,000 pounds per square inch. 

Fig. 11 shows the actual and apparent unit stress diagrams for 
a rod of soft steel. While the curve of apparent unit stress 



drops when the rod begins to neck, the curve of actual unit 
stress rises at all points except at the yield point. 

An apparent discrepancy may be noticed between the state- 
ments of this article and those of Article 14. Poisson’s ratio 
and the theory of Article 14 apply only to the temporary deforma- 
tions inside the elastic limit, while the statement that the volume 
remains constant applies to the permanent deformations beyond 
the 3deld point. While the bar is under load, there is also the 
elastic deformation superimposed on the permanent deforma- 
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tion, but the permanent deformation is the principal factor. 
In so far as the permanent deformation is concerned, the material 
beyond the yield point behaves as if Poisson’s ratio were 
22. Curves of Various Structural Materials. — The curves of 
Figs. 7 and 8 give a fair average idea of the behavior of machine 
steel in tension. The apparent stress curve of Fig. 11 shows the 



U;^lT DEFORMATION 

Fig. 12. — Stress-strain diagrams of steel, timber, and cast iron. 


same for a sample of rather soft steel. This sample was not 
analyzed but it probably contained less than 0.15 per cent, 
carbon. Its tensile strength was a little below the minimum 
requirement of structural steel for bridges. 

The modulus of elasticity of structural steel is about 
29,000,000 pounds per square inch and the yield point a little 
over one-half the tensile strength. 

Tool steel, with 1 per cent, or more of carbon, has a tensile 
strength of over 100,000 pounds per square inch and a modulus 
of elasticity of 30,000,000 pounds per square inch. The ultimate 
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strength and yield point of all steel is changed by heat treatment 
and mechanical treatment, but these have little effect upon the 
modulus of elasticity. 

Table VI and curve II of Fig. 12 represent the behavior of 
cast iron in tension. The table is the mean of the tests of six 
bars from the same heat. The figures represent what may be 
expected in good cast iron. 

Table VI is from the average of six tests, specimens 8,014, 
8,041, 8,050, 8,051, 8,053, and 8,063, at the Watertown Arsenal 
(“Tests of Metals,” 1905). 

Table VI. — Tension Test op Cast Iron 


Diameter, 1.129 inclies; area, 1 square inch; gage length, 10 inches. 


Load per square inch 

IClongiition 

In gage length 

Per inch length 

Pounds 

Inch 

Inch 

1,000 

0.0005G 

0.000056 

2,000 

0.00112 

0.000112 

3,000 

0.00171 

0.000171 

4,000 

0.00236 

0.000236 

5,000 

0.00303 

0.000303 

6,000 

0.00374 

0.000374 

7,000 

0.00446 1 

0.000446 

8,000 

0.00526 

0.000526 

9,000 

0.00606 

0.00060C 

10,000 

0.00691 

0.000691 

11,000 

0.00779 

0.000779 

12,000 

0.00871 

0.000871 

13,000 

0.00968 

0.000968 

14,000 

0.01061 

0.001061 

15,000 

0.01174 

0.001174 

16,000 

0.01283 

0.001283 

17,000 

0.01404 

0.001404 

18,000 

0.01544 

0.001544 

19,000 

0,01689 

0.001689 

20,000 

0.01851 

• 0.001851 

21,000 

0.02003 

0.002003 

22,000 

0.02182 

0.002182 

23,000 

0.02420 

0.002420 

24,000 

0.02626 

0.002626 
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The average ultimate load was 26,450 pounds per square inch. 
The actual initial load was 1,000 pounds. The table is calcu- 
lated on the assumption that the elongation from 0 to 1,000 is 
the same as from 1,000 to 2,000. 

The curve for this cast iron is plotted to the same scale as 
Fig. 8, and a part of the curve of steel from Fig. 8 is drawn for 
comparison. The dotted line shows approximately the initial 
slope of the cast-iron stress diagram. The curve begins to bend 
almost at the start, and it is difficult to locate the elastic limit. 
There is no yield point, and the material breaks without necking. 

Problems 

1. From the dotted line of curve II, Fig. 12, calculate the modulus of 
elasticity of cast iron. Check results by means of the readings of Table 
VI. 

2. From Table VI find Johnson’s apparent clastic limit for cast iron. 
Find the difference in elongation for each successive 1, ()()() pounds, and 
locate the unit stress at which this difference is onci-half gr(uit(ir than at the 
beginning. 

Table VII, and curve III of Fig. 12, represent the behavior of 
long-leaf yellow pine in compression. Like steel, the curve for 
timber is a straight line for a considerable portion of its length. 
In other respects it resembles the curve for cast iron. The post 
represented by Table VI L failed outside of the gaged portion; 
the ultimate deformation is, therefore, less than it would be if the 
failure had occurred inside of this length. 

Problems 

3. Plot Table VII to the scale 1 inch equals 1,000 pounds per square inch, 
and 1 inch equals 0.0006 relative deformation. Find E and tlie propdrtional 
elastic limit. 

4. Find E and the elastic limit of yellow pine from Tabic VI L 





34 STRENGTH OF MATERIALS [Art. 22 


Table VIL — Compression Test of Long-leaf Yellow Pine 


From Watertown Arsenal Report, 1897, page 420. 

Length of post, 10 feet. Dimensions, 9.75 inches by 9.77 inches. 
Area, 95.26 square inches. Gage length, 50 inches. 


Applied load 

Deformation 

Total 

Unit stress per square 
inch 

In gage length 

Unit per inch length 

Pounds 

Pounds 

Inch 

Inch 

9,526 

100 

0.0021 

0.000042 

19,062 

200 

0.0044 

0.000088 

28,578 

300 

0.0067 

0.000134 

38,104 

400 

0.0091 

0.000182 

47,630 

500 

0.0116 

0.000232 

57,156 

600 

0.0141 

0.000282 

66,682 

700 

0.0165 

0.000330 

76,208 

800 

0.0191 

0.000382 

85,734 

900 

0.0215 

0.000430 

95,260 

1,000 

0.0240 

0.000480 

114,312 

1,200 

0.0290 

0.000580 

133,364 

1,400 

0.0340 

0.000680 

152,416 

1,600 

0.0389 

0.000778 

171,468 

1,800 

0.0443 

0.000886 

190,520 

2,000 

0.0495 

0.000990 

209,572 

2,200 

0.0546 

0.001092 

228,624 

2,400 

0.0601 

0.001202 

247,676 

2,600 

0.0652 

0.001304 

266,728 

2,800 

0.0705 

0.001410 

285,780 

3,000 

0.0758 

0.001516 

304,832 

3,200 

0.0811 

0.001622 

323,884 

3,400 

0.0869 

0.001738 

342,936 

3,600 

0.0932 

0.001864 

361,988 

3,800 

0.1005 

0.002010 

381,040 

4,000 

0.1077 

0.002154 

400,092 

4,200 

0.1084 

0.002168 

416,000 

4,367 

Ultimate strength 





Failed by crushing at end. 
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Table VIII. — Compression Test op 1:2>^:G Concrete; Age, 90 Days 


Diameter of test cylinder, 8 inches; area, 50 square inches. Total length, 
16 inches; gage length, 10 inches. 


Applied loud 

Deforrniiliou 

Total 

Per a<nuirc inch 

In gtiKO length 

Per inch length 

Pounds 

Pounds 

Inch 

Inch 

2,000 

40 

0.00013 

0.000013 

4,000 

80 

0.00026 

0.000026 

6,000 

120 

0.00038 

0.000038 

8,000 

160 

0.00052 

0.000062 

10,000 

200 

0.00068 

0.000068 

12,000 

240 

0.00081 

0.000081 

14,000 

280 

0.00090 

0.000099 

16,000 

320 

0.00113 

0.000113 

18,000 

360 

0.00136 

0.000136 

20,000 

400 

0.00158 

0.000158 

22,000 

440 

0.00180 

0.000180 

24,000 

480 

0.00206 

0.000206 

26,000 

620 

0.00232 

0.000232 

28,000 

660 

0.00260 

0.0002(K) 

30,000 

000 

0.00295 

0.000295 

32,000 

640 

0.00327 

0.000327 

34,000 

680 ! 

0.00377 

0.000377 

36,000 

720 

0.00421 

0.000421 

38,000 

760 

0.00473 

0.000473 

40,000 

800 i 

0.00535 

0.000535 

42,000 

840 

0.00609 

0.000609 

44,000 

880 

0.00692 

0.000692 

46,000 

920 

0.00796 

0.000796 

48,000 

960 

0.00922 

0.000922 

60,000 

1,000 

0.01068 

0.001058 

62,000 

1,040 

0.01177 

0.001177 

64,000 

1,080 

0.01323 

0.001323 

66,000 

1,120 

0.01575 

0.001675 

68,000 

1,160 

0.01847 

0.001847 

60,000 

1,200 

Failed 
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Fig. 13 gives some comparative curves for timber and con- 
crete. Curve I is the long-leaf yellow pine of Table VII. The 
unit deformations are represented on a scale twice as great as in 
Fig. 12, and the unit stresses, by a scale ten times as great. 
Curve II of Fig. 13, is the stress diagram for a sample of 1 : 2.5 : 6 
concrete in compression, the readings for which are given in 
Table VIIL 



Fig. 13. — Stress-strain diagrams of concrete and yellow pine. 


Problems 

6. From Table VIII find E for this concrete. 

6. Find the difference in elongation for each successive 40 pound increment 
of unit stress in Table VIII and determine Johnson’s apparent elastic Jimit. 

23. factor of S^ety. — ^In Article 6, the allowable unit stress 
was defined as depending upon the judgment of some authority. 
These judgments are based on tests of materials such as those 
of Tables IV, VI, VII and VIIL 

■Working stresses should never exceed the elastic limit. They 
are generally based on the ultimate strength of the material. 
The ratio of the ultimate strength of a given material to the 
working stress is called the factor of safety. 

Problems 

1. If the steel of Table IV is used with a factor of safety of 6, what is the 
allowable unit stress? 

2. A concrete pier 16 inches square carries a load of 75,000 pounds. Using 

Table VIII, find the factor of safety. Am, 4, 


r 


I 
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3. Structural steel is used with the allowable unit stress of Table 1. The i 

steel meets the minimum requirement of Table V for steel for bridges. I 

What is the factor of safety based on the tensile strength? What is it based | 

on the yield point? { 

4. Yellow pine is used with the unit stress of Table 1. If Table VII gives 

the average compressive strength of yellow pine, what is the factor of safety? j 

The value of the factor of safety which should be used depends j 

upon a great number of conditions. Some of these are: j 

Repeated stresses slightly beyond the elastic limit will finally | 

cause failure, so that a body subjected to varying load should I 

have its allowable stresses well below this limit. The greater j 

the variation of stress, the smaller should be the allowable unit | 

stress. I 

The factor of safety must be large enough to allow for any | 

deterioration of the material from any cause during the time I 

which it is to be used. This includes the decay of timber, the I 

rusting of metal, the effect of frost and electrolysis. | 

In deciding what factor of safety to use, the uniformity of the | 

material must be taken into account. Structural steel which j 

has an ultimate strength of 60,000 pounds per square inch on \ 

an average will seldom vary 5,000 pounds on either side of this j 

figure; while the variation of timber sufficiently good to pass a | 

reasonable inspection may be 50 per cent, of the average ulti- J 

mate strength. An engineer, in designing a concrete structure 
which he knows will be built under competent supervision, will j 

use much higher unit stresses than he will risk where such | 

inspection is wanting. j] 

The factor of safety must also depend upon the amount of 
injury which would occur if the material failed. We would I 

use a plank in a scaffold 3 feet high with a much lower factor I 

of safety than we would consider if failure meant a fall of 100 
feet. • I 

The factor of safety must allow some margin for unexpected 
loads. Cases have occurred where a wagon bridge has failed 
when used as a grandstand to watch a boat race or fireworks. 

That part of the factor of safety which makes allowance for lack ^ 

of ordinary judgment in persons using the machine or structure i 

is called the ^Tool factor.^' | 

24. Effect of Form on the Ultimate Strength. — We have I 

assumed in our discussions that the stress across any section is | 

uniform. This is true in a rod of uniform section at some dis- I 
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tance from the surface of application of the load, provided that 
the line of resultant force coincides with the axis of the rod. 

Test bars are made of uniform section throughout, or of 
uniform section for some distance beyond the extremities of the 
gage length (see Figs. 6, 9 and 10). Fig. 14 represents one end 
of such a bar. The stress which may be uniformly distributed 
across a section at A is unequally distributed at sections B and 
Cj and becomes uniform and parallel to the axis at D. If the 
gage length began at C at the beginning of the parallel portion, 
the measured elongation would be too high, owing to the fact 
that the stress is greater than the average near the surface. This 
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Fig. 14. — Stress distribution in Fig. 15. — Abrupt change of 

test bar. section. 

effect would be increased if the change in section were abrupt 
as in Fig. 15. 

The ultimate strength of a rod at such a change of section 
depends upon its ductility. If rods as in Fig. 15 are made 
of cast iron or other nonductile material, they will fail at section 
C owing to the concentration of stress near the surface. The 
more abrupt the change the greater the concentration and the 
easier the failure. If the rod is of ductile material, such as struc- 
tural steel, the strength at C will be increased by the material of 
the larger section to the left. A ductile substance necks before 
it fails. The material of the larger section tends to prevent 
necking in the smaller sections at a considerable distance to the 
right of C. 

A rod of ductile material with a short reduced area, such as 1 
and II, Fig. 16, will show a considerably higher ultimate strength 
than a rod in which the minimum section is longer, as in III, 
Fig. 16. 

It is not necessary to make test bars of the form shown in 
Pigs. 9 and 10; any bar of uniform section will do, and many tests 
are made of such bars as they come from the rolls. There is this 
advantage in the standard form shown in Figs. 9 and 10 — that it 
will fail inside the gage lenglJK bn account of the resistance to neck- 
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ing for some distance from the larger section. A bar of uni- 
form section may fail outside of the gage length. 

It is hardly necessary to state that all changes in section should 
be gradual. The standard form of bar, as adopted by the Society 
for Testing Materials (Figs. 9 and 10) changes from large to 
small section on the arc of a circle tangent to the surface of the 
smaller section. It is easier to make a taper from one size to the 
other, and the results are practically as good. 



26. Effect of Stresses beyond the Yield Point. — In materials 
which are not ductile, any stress beyond the elastic limit produces 
a permanent injury. In ductile materials, especially soft iron 
and steel, this is not the case. If a rod of steel or iron, originally 
hot-rolled, is stressed beyond the yield point, the result is a rais- 
ing of the yield point. Suppose a rod of soft steel having a 
yield point of 35,000 pounds per square inch is carried up to 
50,000 pounds per square inch, producing a considerable per- 
manent set. Let this rod be again loaded and it will be found to 
have a yield point of about 50,000 pounds per square inch, the 
exact value depending somewhat upon the speed at which the 
two tests are made. 

When a high elastic limit and yield point are desired, soft 
steel is subjected to cold rolling. Fig. 17 shows the effect of cold 
rolling. The middle rod is a piece of %-inch cold-rolled shafting. 
The left one is an exactly similar rod after testing in tension. 
Its ultimate strength was over 86,000 pounds per square inch, 
its yield point was about 80,000 pounds per square inch, and its 
elongation about 10 per cent. On the right is a third rod, origi- 
nally like the others, which was annealed by heating to redness and 
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slowly cooling to destroy the effect of the previous cold rolling. 

When tested in tension, its ulti- 
mate strength was found to be 
60,000 pounds per square inch, 
its yield point was 40,000 pounds 
per square inch, and its elonga- 
tion 22 per cent. It will be 
seen from these tests that cold 
rolling raises the yield point to 
nearly the ultimate strength and 
that it increases the ultimate 
strength a considerable amount. 

The fact that soft steel may 
be stressed beyond the yield 
point without injury, and with 
no change except a slight re- 
duction of section and elevation 
of the yield point, is of great 
advantage in its use in struc- 
tures. In a heavy structure 
made of many parts, there is 
always some adjustment when 
the loads are first applied. 
This may cause an overstrain- 
ing of some parts. If these 
parts are made of soft steel, 
they can yield slightly, permitting other members to take part 
of the excess load. 



Fig. 1 7. — Soft steel in tension ; left, 
cold-rolled; right, annealed. 


CHAPTIOH III 


SHEAR 

26. Shear and Shearing Stress.— -We iuive loarnod that when 
a l>(«ly iH Hul)j<'cte<l to a pair of forces in the mmic line, tensile 
drmH iH produced, if t he fortaw are directed away from each other, 
ami cornprmsitm slresH, if they are directed toward each other. 

If tlut ftjrcoM are in paralld lines or planes, shearing and bending 
Kl resses are projluced in tito i)ortion of the body between the 
planes of the forces. In Mg. 18, the block A is securely held by 
the body and a horizontal force P is apjdiod by a second body 
r*. 'rids force /' is parallel to the upixsr surface of B. The body 
B ex<*rtH a horiztiidid force on the block 
which is (Hpial and opposiUi to the force 
in (1. If we consider that portion of the 
block A Isitwccti the plane of the upfHW 
surface of B and t he {)huie KFO of the 
lower surface of (/, we find tliat it is sub- 
jected to a pair of ctiual and opjKwito 
fcjrccH. The mat.erial of this jjortion of 
the block is subjected to shearing and 
bending st rcsscH. I’he shearing stresstw 

de|mnd upon the inagtutude of the forces and the area of the 
st!cti<m of A. The bending stresses depend upon these and 
also uiwm the distance of the forces apart. If the body C is 
l>rought visry close f o /#, so that the distance between the two 
forces /* and P' becomes negligible, the unit bonding stress be- 
comes snuill, while the unit shearing stress is unchanged. The 
average unit shoaring stress is calculated by dividing the force P 
by the area of tho croMS-sesetion EFG or the area of any section 
parallel to it. Wo notice that in tension or compression we 
ilivide t ho f.otal force by the area of tho cross-section 'perpendicular j'| 
t,o its <liroction to get tho unit stress; while in shear wo divide the i,j 
total force by tho area of the croasnsection paraUel to the forces. Ij 

In this, as in all other cases, the lino P in the drawing represents 
tho resultant of a set of forces distributed over an area. The 
resultant F' must fall some distance below the upper surface of 

41 



Ida. 18. — Shear and 
bonding. 
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B, and the resultant P must be above the lower surface at C, It 
is, therefore, not convenient by this method to get shearing stress 
entirely free from bending or compressive stress. We will find 
later that the distribution of shearing stress, when combined with 
bending, is not uniform over the section; but for the present we 
shall take no account of this variation, and shall calculate the 
average unit shearing stress by dividing force by area. 

Table IX. — ^Allowable Unit Shearing Stress 
(To be memorized) 


Material 

Pounds per 
square inch 

Steel shop rivets for bridges 

10,000 

9.000 

7.000 

8,800 

125 

Steel web plates for bridges 

Steel bolts for bridges 

Steel rivets in boilers 

Yellow pine parallel to grain 

White oak parallel to grain 

200 



Problems 

1. A 1-incli round rod projects horizontally from a vertical wall. A ring 
hung on it supports a load of 6,000 pounds. 
Find the average unit shearing stress in the rod. 

Ans. 7,639 pounds per square inch. 

2. A bar 2 inches wide and % inch thick 
rests on two supports and carries a load of 
450 pounds midway between them. Find 
the average unit shearing stress. 

Ans. 150 pounds per square inch. 

3 . A 4>inch by 4dnch white-oak block has 
a transverse notch cut in one side, the edge 
of the notch being 8 inches from the end of 
the block. A pull of 4,000 pounds is applied 
by means of a second block set in the notch. 
Find the unit shearing stress. 

Ans. 125 pounds per square inch. 

4 . In Problem 3, if the grain is parallel to 
the direction of the pull, is the construction 
safe? What would be the maximum allow- 
able load? What would it be if the block 
were yellow pine? 

6. A 2-inch by 4-inch long-leaf yellow pine block, hung vertical and 
supported at the upper end, has a hole 1 inch square perpendicular to the 
4-inch faces. The lower edge of this hole is 4K inches from the lower end 
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uf tltft liUick. If ilt(. lond (»f pmiitilH in hiinR «n a nquaro rod pn nninc 
tltrotiif.li ihiM wlml. w t.hr tucnti tiiiit. Klirnriiiijf What would be 

tho utiiJtiiiiiitii iillowitlilo loitti/ lit.) 

,4na. Mnxiiiiiim ttlltiwiihli! load 2,250 pounds. ' 

6 . 'rill' ht-ml of II I-iiK'h holt is •‘••4 ititdi thirk. Find the unit shearing 

Mlii'fiH It'ittlinu; toMlrip the head fniiii the holt- when Huhjeetod to a pull of 
lU.tKKt iioiinds. 5,0113 jimitids per stiuaro inch. 

7. In I'rotilfiii (!, whnt m the unit tensile streiw in the weakest part of the 
holt , if the |iiill in iipjilittd hy lueiinM of a nutV (itce handbook for dimensions.) 

27. Shearing Deformation. — Ckinaidor ii {lortion D of block 
A Ilf l-’ig. IH. 'riu* iKirtiori oxioiitlH through tho block with its 
long (iiiuctmioti [i(>r[>on(li(Ujlar to tho plane whioli contains the 
roMultnnt /’ and /". it is roprowtitoil on an onlarged scale by 
tho rootnngh^ IIIJK, h’ig. 20. When tho Hhearing forces are 



Kui, 20, Hheuriiia deforniftlhms. Fio. 21.-™I)evie(* for illustrat- 
ing shear. 

Hpplioil aa shown in Fig. 18, it is diatortiui to tho form HI'J'K. 

If wo rognrd //A' as fixod, tlio total ilmpluooniont of any point 
in tho tjppor lino in ocpial to //' or JJ'. Tho unit shearing 
doforination, which wo will roi>rom»nt hy 5„ is tho ratio of this 
horizontal di«plat;oinetit //' to tho vortical distance HI. In the 
oaso of linear doformation, tho unit dofortnation is obtained by 
dividing tho total doformation by a length in tho same direction 
m the diJornuUian; in shearing deformation, tho displacement is ^ 
dividtid l>y a distance at right anglen to tho dirn dacem ent. The ' 
unit displacement is tho. tangent of tho angle IHl' or JKJ'. 

'I'he 1*11001 of tho shearing foro. 0 H is to lengthen the diagonal HJ, 
and shorttm tho diagonal IK. 

Problems 

1. IVo equal bare, A H and CD, Fig. 21, are hinged to a second pair of 
wpiitl bars, A(t and HD, to form a parallelogram. A sheet of rubber, 6 
itiidnm wide, has one edge securely elairipcd to Ali and tho other edge to 
CD. Tho length of Ali, center to oontor of hinges, is 10 inches. What is 
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the unit shearing displacement when B is displaced 0.2 inch to the right of 
the vertical? Ans. Unit shear, = 0.02. 

2 . A hollow circular shaft, 5 inches in diameter, is subjected to a twisting 
moment, and it is found that two sections, 10 feet apart, suffer a relative 
displacement of 2 degrees. What is the total shearing displacement of the 
fibers? What is the unit displacement? 

' Ans. Total displacement, 0.0873 inch. 

^ Unit displacement, 0.0007275. 

28. Modulus of Elasticity in Shear. — The modulus of elasticity 
in shear is obtained by dividing the unit shearing stress by the 
unit shearing deformation, just as the modulus of elasticity in 
tension or compression is computed by dividing the unit tensile 
or compressive stress by the corresponding unit deformation. 



This modulus of elasticity is frequently called the modulus of 
rigidity. Forces applied as in Fig. 18 do not give pure shearing 
stress. It is only in the case of torsion, as in Problem 2 of Article 
27, that we get pure shear. 


Problems 

1 . In Problem 2, of Article 27, if Es equals 12,000,000 pounds per square 
inch, what is the unit shearing stress? Ans. 8,730 pounds per square inch. 

2 . What is the maximum allowable unit shearing deformation if the 
modulus of rigidity is 11,000,000 pounds per square inch and the maximum 
allowable unit shearing stress is 9,000 pounds per square inch? 

Ans. 0.000818. 

3. A 4-inch shaft 10 feet long is subjected to a twisting moment. One 
end is fixed. How much may the other end move if the unit stress does not 
exceed 8,000 pounds per square inch in the outer fibers and = 11,000,000 
per square inch? What will be the angle of twist in radians, and what will 
it be in degrees? 


Miscellaneous Problems 

1 . What is the force required to punch a J^-inch round hole in a 5^ -inch 

steel plate, if the ultimate unit shearing strength of the plate is 38,000 
pounds per square inch? Ans. 33,576 pounds. 

2. In Problem 1, what is the unit compressive stress in the punch? 

Ans. 76,000 pounds per square inch. 

3 . If Se is the ultimate compressive strength of the punch, and s, the 
ultimate shearing strength of the plate, and if t is the thickness of the plate, 
and d is the diameter of the punch, show that the minimum diameter is given 
by the equation 

4 s,t 

So 


d 


Chav, iUl 


Him AH 


m 


4. Apt^ly of Pnjhltun :i tc* (hid the wrifii!o«t hole whioli fiifi he 

pimoht^d ill a ‘^^-ineh pinto if the ultiinnto Hhoaring «tronglh of tlici filiite ii 
4d,CKJC) iKHUidM per Mcjuiifti inoh nini uUiinntii csumpromivo Mtrt^iiicth ul the 
pimoh i« poundn por wqiytro inrli, 

.J 5. In Fite. 22, A and /( iiro nliort oornprt^Hm<»n rnondiow or Htrutaiif vollow 
pine, jotiiod tote<hhor at tho top by n inilt or pin nitd hohi from nprofuting iii 
till! hottenn by bointc not into ilio notflnm in the bottoni tdnjfti (\ If tho loud 
/■* i« d,CKK) ptnintiH, what In the nnit ooinproaHivn ntroaii in A itnd /(? Whiit k 
the niiixinuim unit toimilo atroMw in f “f Whiit iniwt tm thu b^ngth of thn «otv- 
tioii d to iivoiti ihoaring, if (* ia tnndo of onk? 

drof, f^i^ngth of d, (Ifi Intdow, 



i* i *’ 

Fto, 22. in n trnan. 


0. In Froblotn 1^. wlint tnu«t ha tha intnimtun vribia of I if ihn aupport i« 
yallow pint! with thii grain horkontfil? Whnt wonlti d he if the utipfiort k 
yallow plna with the grain vartiaid? f 

fi9. Shear Caused by Compression or Tension. Fig. 23 rep- 
remnitH a fdock eubjocteti to a comprewtivo force t* t» t.lio tiirec- 



Fio, 'itt. -Ht'atKm noriniU tttfurwi. Flo. at. .Soutioa iiutinwi Ui furru. 

tion of its length and an oqnal roaetion at the l>ottom. Imiigine 
the iilock cut by a plane normal to its length and glued toget her 
Bgitiii. If we consider the portion of the lilock aliove the Hediofi '' 
BCDK 08 a free Irody and r^iolve vertically, we have the foree 
P acting downward equal to the upward reaction of the glued 
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surface. (Neglect the weight of the portion above BCDE.) If 
A is the area of the glued surface, the unit compressive stress is 
given by 

P 

So - 

If we resolve horizontally, that is, parallel to any line in BCDE, 
all the components of the external force are zero and the unit 
shearing stress is zero. If the body was actually made of two 
portions, the upper portion would not slide on the lower portion, 
no matter how smooth the surfaces of contact might be. 

Now consider a similar body, Fig. 24, cut by a plane BC'D'E' 
which makes an angle 4> with the normal plane. Taking the 
portion above the plane as a free body, as before, we will re- 
solve the external force P perpendicular and parallel to the 
||plane. The total perpendicular component is P cos </>, and the 
fcnit compressive stress is this component divided by the area of 
llhe section. 4 normal section BCDE, the 

area of the inclined section is A sec 6. 

I TT 'i. • X P cos 0 P . ^ 

Unit compressive stress = = -r cos^ 6 == 

^ A sec (t> A 

^(l + cos2<^). (1) 

Resolving parallel to the line BG, which makes the maximum 
angle with the normal plane, the component of P is equal to 
I P sin 0. The unit shearing stress is this component divided by 
I the area of the inclined section. 

Psin<^ P • . , P c, , 

5 = ^ sm 0 cos 0 = sin 2 (2) 

A sec 4) A 2 A 

The same relations hold for tension and compression. 

Problems 

1 . Show from equations (1) and (2) that shearing stress is zero and com- 
pressive stress a maximum when <i> is zero. 

2 . A 2-inch by 4-inch block is subjected to a load of 6,000 pounds in the 
direction of its length. Find the unit compressive stress and the unit shear- 
ing stress with respect to a plane which makes an angle of 25 degrees with 
the normal section. 

Ans I pounds per square inch. 

■ \ 5a, 287 pounds per square inch, 

3 . Solve Problem 2, if the plane makes an angle of 65 degrees with the 
normal section. 


{'llAf. nil 
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4. A 2-4fif'h hy ‘i-inrh wIuIh unk iu»Mt Imn th*? gmin nt nit luigiti <»f 12 ilt^grwn ^ 

wiiit ihi' clirrrttiin uf if.H Whni m l!i** Imitil , , , 

(HiMi "rithlfi IX,} Wtirtl Uimlii ht« Ih*’ luiuiiiHiJu ullurt iiMt’ loml if 
ittiikdK HU litiglis tif H (h‘|^rrf74 with ill*’ i|trinii*»n i»f itn 

Ann, ti/il.'M |it»ttntlrt |iuu 

B. Fi’iivc^ tliiit th*^ mtii rstr**?iH \ty h fiitigin t»r 

<nun|m’HMiv<i luiui in it fim\imuiu ni 15 ti«’gi'»'*74 with llif iliMn'Ium uf i\m Itiiut, 
liiitl tliiit till’ iiiHxiiuuui uitti iiIm'iuIuic in tiu*’“hitlf i»f ilu’ ituinili’ i*r rtitn- 

priwivti i4tr*7« whirh jir*i*Iu«‘r?4 it, 

30. Shearing Forces In Piiirs.' ^ If n tH«ly in ^uhji’rtiHl in lutni 
sliuiiring Hfrt’HH (with no hniHion or ruimjroHHinn that itne 

to (hero muHt bit iw<i sots of Hhunring furt’OH to iirothiro 

CHinilibrinni nod tlu^ unit Hhourini^ slrons niHHi be tfio Hione in 
(hUIi. Fig. 25 re|uemuitH a reetiingulnr blork Alt with two other 
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Fiu» 211.— Fiiir of aheitriug Urnnm. 



Flo, 20, Twit liiiirii i*f nhoiiOfia 
furrow, 


blciekn O lotd 1) gItiCHl to the toj> itnil liotfonii resjandively. "rfttirii 
in II lioriwiniiil form i\ tciwimt the right, iteting cm the btnrk C* 
iirifl fin eqini! ninl op|Hwite form net tog on the hlook IK Hioiwi 
two foroim form ii c*ou}ilo fcmcling to rotiilo the syiUom in n elork- 
wimi clircwtioii, lAi lirodort! fH|ui!ihriiiirt, ii liloek F m gliiwl to 
thii li^ft vorticoil fiim of AH (Fig. 211) find ii block (i ia ghfi^ii to 
the right voriitutl farm A ilowiiwiiril form Q in iipitliecl In F iind 
tin oc|tiiil ujiwfinl form in fi|jj>Iiotl tot/. The liremlfh of AHinh 
iind ifH Imight w /i. Fc|ui!tbruim will omur when the inorneiits 
of the two c*cmi)le« are ci<|uiil, thiii %v\tm 

Fh - Qln it) 

The form i« triinarnittiKl front r iiml !) fo AH iis ii horimnlitl 
shtair in the glue. Hheiiritig st-roHs In represent ed by ini arrow 
with a single barb. The arrow in (/ with barb in>ward refirtt^enfs 
the ihefiriiig strew from C to Ali» If w*e wished to refiresent 
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the opposite shearing stress from AB to C wc would place (lie 
arrow in AB, pointing toward the left, and with the l)arh down. 

If I is the length of the block AB per{)endi<!ular to the piano 
of the paper, the top and bottom surfaces each have an amt hi, 
and 


P - shl, ( 2 ) 

where s is the unit horizontal shearing stress. 

The area of each vertical face perpendicular to the plane of the 
paper is kl and 


Q =* s'/ll, 

where s' is the unit vertical shearing stress. 


Since Ph = 0, 

Mh ■= a'hlb, (4) 

s = s'. Formula III. 

Formula III applies to any portion of block AB cut out by hori- 
zontal and vortical planes perpen<li(!ulnr t<i th<' 
„ plane of the paper. Pig. 27 rei)res(uitK one Huch 

I block. 
h 

i. a block may ho hold in oqtuHhriiim by ahimring 

forces which are not at right angles to each othor. Fig. 
Kquilibrkirn represents one end of a block of width h and vortioid Mghi 
' m shear. forces liori^ontal, and tlui other set at an 

angle <l> with the horissontiil. The slant height of thii In- 
clined faces is h cosec <36, and the area of each is hi mmm The fiiir- 
pondioular distance between them Is h sin so that 

Moment * a'hl coseo ^ b sin ^ » n^hlh, (S) 





Fici. 29.**^0bliqnii shear. 
The moment of the horiaiontal forces is the same a» in preaxiing case, 

Mblh »» s'/iff), 


Formula IIL 


SllKAH 


UlAP. lUl 
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Fig. 21) r«spn*«Ptiti a triangiiliir priHiii <nii fruiii Fig, 2H by a vi^rtiriil pltitit^ 
Wfi will vin'timlly to fiuii tho tinit Hhtmriiig m'\ In fliit viirtlriit 

fii«i A(*(J!>u I1ni lotii.1 Hbrariug ntroHn in AHFH h n*hi r^mm fiml iti 
vtiritriil by iiiuliiplying Ity nin 4i irt B*hi, Tlitf tiitiil 

Hhmr an A('(*i> i« F*hL If thrro In no %'ortii‘nl nntipiTaMiiin or li^iiaion in 
i*imi m AHFi), 

^'^hi - ctii 

F* F ™ fi. 

Wlnnwvi’rit btHly to f)ur«alioar* tho finit nUtmlug niivm in 

at right arighm to mrh othor hi thn wuno. 

In iniiMy c’iihoh, tnnnilo or roiupnwivo HUvmi*H t^Kint iiliHig 
with llu^ HlH*itrinK ninwi’H, la Fig. *i<h ^ho g!ta* at tfio loft tif tho 
aiiiltila in itt tiamioa, hihI 
tluit at thi^ dglit of tho taicl- 
(Ih^ in ia <*oaii)rfHHioa. All 
u( it IH ifi nhaiir. A portion 
A of iht* block in in ioitHion 
ittui Hhcnr, anil a portiiai F 
iH ill rotiiproHHioa nncl Hhi^ar. 

Tlio portori ft at tha taiiF 
lilt? in in ahoar only, 'riia 
clirc’ctioa of ihii ahaar (arrowH 
iiotaliowii) in A. imd C ta tha 
mail! iia in /#, 

If iho t 4 nwiori at tha top- anti hoitom of A t« not iH|iial| tlio 
viniJcal atiaiiring atroiia will not ba t^jcaaily ilia aaitia on twiiti 
dilm. OrcHniirily, if A. vary arnall, thia tliffarafiaa %vitt im 
alight. Tha cliairilaition of atraw in thaaa aiiaaa will Im ttimniiwfti 

in (Inijtlar K, For Ilia prw- 
init, wa will aormiilar only 
tha mmm wliara Foriiitilii III 

3L Comprtiiift and 
Tensilt Strtis Ctnitd by 
Shtar.— -’Fig. 31, nAWimmtM 

a raataiigiilar |iarii!ta!«pi|Miil 
of braatlili fi, lialglit li, iiticl 
langtli It Hubji»f*ti*tl to purr 
ahaaring siniMii. Tha ahaitrirtg atraaa natn towaril I ha right pitralli'4 
to tha lireadih at tha top and toward tha laft at thi^ kttioiio Aa 
ikiwti in Artialci 80, thare ia iilao a ahaaring nitmn of tha witiia in- 
tensity at the left surfaao fuiting downward and iiti cKiiiid aliaiiriitg 
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stress at the right snrfnee acting iij)wnr(l. (If the (lina-timi uf mt** 
of these shears is roverwal, tlioy naist ail he rcveimMl lu pi-diltirn 
(M^uilibrium.) Now coiiHichir tla* paritlh'hfpijMai cltvided hy the 
inclined plane contiuning the edges Cl) uiul OF, ntn! treat tin* 
triangular prism to the left of this phtta* tis a free Isidy in equilih- 
rium under the action of tiie forces at its snrfui'e. These foia'es 
arc four in number: the shearing fona* II in the upjwr surface 
acting toward the right, tlu; slaairing hirce V in t he left vertical 
surface acting downwanl, tin* compnssive force N acting itorinni 
to the inclined surface (Kig. a I , II, which rc'pr<>sents all the fonas 
in the plane of the pai)er), and a shearing force T along this 
surface panillel to the diagonal line 00. If «. is (he intensity of 
the horizontal and vertical slienr, 

JI hJiI, r hJiI. 

Resolving normal to th<! inclined plane, 

N ~~ 11 sin 0 -f' V cos 0, {}) 

N « sM sin 0 4- nM cos fl, (2) 

whore 6 is the angle which the inclined plane inukr's with th** 
horizontal surface. Hince 

tan 0 ■ ' !*< 
h 

A' ' < 2 hM sin e. (:t) 

To get the unit compressive stress, ueross the inellned sur- 
face, divide the total compression N hy the 
area of the surface bl sec 0: 

»» » 2 », sin 0 ('OS 0 - ■ «, sin 2 #. (4) 

When 0 is 45 degrws, w(' get the inaxinuim 
value of the con>i>r«*s8ive Htr«w«, 

Fio. 32.— Ton- Formula IV. 

and ahoa"'^'^* ***** '* maniu'r, if we cotisitler a stHiund inclined 

plane perpemlicular to CO and parallel to dk 
we get a tensile stress of the same value. 

When a body is subjected to pure shear, tliere is a corntmwsive 
stress of equal intensity across planes at 45 degr.*(;s to tin* jlir»s«. 
tion of the shearing stresses, and tetisile stresses <,f the same in- 
tensity across planes at 45 degrees to the shearing planw in the 

opposite directions. This is shown in I»*ig, 32. 





nil 61 

Pmlilumi 

1, Pr«»vi» th»i II fii 1 % rurupnmmva Hinm iif intmmity « iiitd 

II Ilf till! Hiaiii’ nt nnht ringlit«, lm« it Mr^m of 

tlw mttiio nt 4ft hihI K'lri (FiiJj. .'l.l'K 

$» fit Fi|r», li'l, tlm blork 4//^/ tw U int4nm Uiuy, to tho filitiio 

of tlio jm|»or« Fiiul thti tndt Kht^itriiig Htri*rtrt uitd Ihn niiit riim|irwjnvii 

III tho uliiti iti t!it< hiwo, 

An0, if.,, *JH |ii‘r inrh, 

Ufl |nntiM|r4 |it<r inrh. 



irti«iiin itmi riini|irr««ii*n, 

S, If 4 fif\ Fill, ri-f, wrrr Hit r<|iiihii«^rit! trinfiinlr with rnrh mih^ ft tnrhr«, iimt 
thn form titn^rni to rrtrh of thr inrlinod farm imnniiH, hnil thr unit 

whritrifi^ itml rt If n|»rrMiiivr »tfrrt»^ nt thr Im?ir, 

32* Rtlallon of Slioarlng to Liricar Elaatidty. Hin tuiHitiliw 
fif fihoitrifiic «dii«t4rity mny Uii t’lilruliitod from rho moiluluH in 
totwhm or ooiiijironniim if FoiamnFa rntio in known. 

Fig. 36 i« tlio front cdoviition of it Idork ttf aootkin «nb- 

JiirtiHl to nliriiritig forrim* Tlio nnit aim.iring tiiK|diirorrionl ii 



Fiti. JIfl. ■•Hliimrfna ilrforinntion. 


Ilto tiiligtnit of ttm iiiiglo 0 boiwtnm tlw linoH /// iitiii l/r of 
Fig. 3fi, 1 1. In Fig. 36, I f I, wo linvo rofjtt ftl tho figiirii im iiniotiiit 
of|nfi.l t.o ono4iitlf of tho iingli? tif nhonr no ilmt tho diraotion of 
iliti cliiigoiiiik ri'rtiiyiiH ooiwtioit.* (Him m rallotl pure 
wfitli^ iltc^ mwo illiifitriitiMl liy Fig, 36, II, in riilloil mmplo «haiir.) 
Tlia iifiionrit of tfiii rcitiition will now Im clatorniinad* 
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The shearing forces lengthen the diagonal HJ to flfJ' and 
shorten the diagonal IK to IK\ The half diagonals, HM and 
MK, suffer the same relative deformation. 

If 6 is the unit linear deformation due to unit tensile stress 
s, the unit elongation along HJ is 5(1 + a). This is made up of 
the elongation due to the tension along this diagonal and the 
elongation <r8 due to the equal compressive stress along the other 
diagonal at right angles to this one. In the same way the unit 
compression along the diagonal FK' is 5(1 + cr). 

The tangent of the angle <l> which the line HK' (Fig. 35, III) 
makes with the diagonal is given by: 


M'K' __ MK[1 - 5(1 + tr)] _ 1 - 5(1 + a) 
tan <j> ^ 

0 

To get subtract the angle <#> from 45 degrees. 


6 _ tan 45° — tan <l> 
2 1 + tan 45® tan ^ 


= 5(1 + <r). 


( 1 ) 

( 2 ) 


For small angles tan d = 2 tan x = 2 5(1+0-). 


Since, 



tan 6 = 


2 s(l + O') 

. 


i‘ - _ s.F 

5. tan0 “ 2s(l + o-)‘ 


(3) 


(4) 


But at 45 degrees the tensile and compressive unit stresses are 
equal to the horizontal and vertical unit shearing stress; s = s,. 
Canceling these in equation (4), 




( 6 ) 


Problems 

2 E 

1. Show that when Poisson’s ratio is Ea = -g— 

2 If for steel is 30,000,000 pounds per square inch, and Poisson’s ratio 
is 0.27, find the modulus of rigidity. 

Ans, 11,800,000 pounds per square inch. 

3. Landolt and Bornstein give the following values, in kilograms per 
square millimeter for cast steel: E = 20,400, Ea = 8,070, Ev =» 14,600. 
Find Poisson’s ratio by means of equation (5)^ and also by means of equation 
(9), Article 14 . 


CHAPTER IV 


RIVETED JOINTS 

33. Kinds of Stress. — Riveted joints afford an excellent illus- 
tration of tension, compression, and shear, and of the manner 
of transmission of stress. Fig. 36 represents a pair of plates, 
each of breadth 6 and thickness t, transmitting a pull P in the 
direction of their length. The plates are united by means of a 
pin C, which fits tightly in a hole in the lower plate and passes 
through a hole in the upper plate. If we consider the upper 
plate, we find that the portion to the left of the pin is in tension. 


IT 



L£J . 

Fig. 36. — ^Stress at a bolted joint. 


The intensity of this tensile stress is found by dividing the 
pull P by the area hL At the section EE in the plane of the 
center of the hole, the stress is still tension. The unit stress is 
greater here, for the area of cross-section is diminished by the 
material cut away to make room for the pin. If the hole is in 
the middle of the section and in the line of the pull, half of 
the total stress is transmitted by the lower section EF and half 
by the upper section GH, The total stress which passes EF as 
tension passes FK as shear. The intensity of this shearing 

P 

stress in the plate may be calculated by dividing the pull, -g? 

by the section of length FK and thickness t. At M, the surface 
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of contact of the pin ami (date, the strcMH in cu!n(triwioii. The 
force is transinittod jis a «h(tni'iiig stre.'W from Hat (tart of the 
I)in in the upper plate to the |M)rtion in the hnver jdnte, ami 
finally as oomprossion to tins lower i)Iati!. 

It helps to fix our idcias if ms regard Htreas ns llowing like an 
electric current. This is illustrated in Fig. .'17. W«' may regard 
the circuit as completed througii the Ixjilies wfiich exert the (mil 
on the plates. 

In calculating the unit shearing stn'ss in the (dates hehiiid the 
bolt or pin, since there is smne uncc-rtainty as t<» the width of 
the bearing surface at M, Fig. .'hi, it is eiist<tmary to take the 
distance MN instead of /'’A' in getting the shear area. 
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1. The platos in Fig. 37 enrh 3 inchw widp find ^ iiirti tliirk . 
hole in tha uppar plate m I ineh in diaintder fiini tliai in lln^ fpwrr lilttln m 
J4 inch in dianuiter. The holt m % ineli in diiuiietiif itn*l tlw liilttl fitill 
5,100 poundn. Find the unit Hlu*iiring utrtw in thn IkiH anti lti» iitiil teiwllr 
Btmm in the net section of tuich plati^, 

( Bsj 8,4H0 pountls jH*r nqiiare inch. 

«f, 5,l(K) pountiM per «quare iiieli, net tiiifutr pbt#., 

Siy 4,8(K) pounds per Mcpuire iiteli, net nifetiiin^ fibte, 
2* In Problem 1 fmd the unit Hhctariiiig Htri'im in the ii|i|M»f iiliile in rigiit irf 
the bolt if the canter of the hole m 1.5 inelii« from thii riglil pilgr iif ilit* 

5,ICMI |«-»r it|iiftftf itiidi. 

34. Bearing or Compressive Stresst-'- |ri c’lilmilitliig lti« iiiiil 
bearing or compresBivo stress at the surftieis of eonlnrt cif lliii pifi 
and plate, itjs custornary, among, engineers, iu regaril tliii Imar- 
ing area as the product of the thickness of the plitt# mulUpUml 
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P®‘ diameter of the pui j^^ 

t is the thickness of the plate^ the hearing arsjk 'MjJ,, In other 
words, it is the projection upon a plane parallel to the axis of the 
pin of that portion of the pin which is inside of the plate. Con- 
sider Fig. 38, in which a rectangular bar of thickness d is placed 
across the edge of a plate of thickness t. If the bar crosses the 
plate at right angles, it is plain that the area of contact is td. 
If, as in Fig. 39, the bar passes through a hole in the plate, the 
bearing area is the same; and if the forces Pi, P 2 are balanced 
with respect to the center of the plate, the bearing stress is uni- 
form over the entire area. If the forces are not glanced, the 
area remains the same and the average bearing^stress is the same, 
but the maximum stress is greater, if there is force on only one 



side of the plate, the smaller the distance between the force and 
plate the smaller will be the maximum bearing stress. In Fig. 40 
we have a round pin or bolt passing through a plate. The actual 
area is the lower half of the surface of the cylinder, of length t and 
diameter d. The reactions Pi, R%, etc., are not all vertical, but 
are nearly normal to the surface of contact. If, as in the case 
of liquid pressure, these reactions were exactly normal and of 
equal intensity, the resultant of their vertical components would 
be the same as if that unit pressure were exerted on the hori- 
zontal projection of this cylindrical surface. 


Problems 

1. In Problem 1 of Art. 33 what is the unit compressive stress of the pin? 

An$. 11,657 pounds per square inch. 

2. In Fig. 36 the diameter of the bolt and of the hole in the lower plate 
is % inch. What must be the thickness and width of the plate in order 



56 


STRENGTH OF MATERIALS 


[Art. 35 


that the unit bearing stress shall be 15,000 and the unit tensile stress in the 
net section shall be 12,000 pounds per square inch when the unit shearing 
stress in the bolt is 7,500 pounds per square inch? 

. Thickness, 0.34 inch. 

Width, 2 inches, nearly. 

36. Lap Joint with Single Row of Rivets. — Fig. 41 shows 
a lap joint with a single row of rivets. In any riveted joint the 
distance p from center to center of adjacent rivets in a row is 
called the pitch. In solving problems, it is often convenient to 
consider a single strip of width p alone. 
In this case the problem of a lap joint 
with a single row of rivets becomes the 
same as that of Article 33. We may take 
this strip as extending from center to center 
of adjacent rivets, as in the lower part of 
Fig. 41. In this case, the total tension is 
transmitted in the plate between the two 
rivets, and the shear is equally divided 
between the upper half of the lower rivet 
and the lower half of the upper rivet. 
Or we may take the strip as including a 
single rivet, as in the upper portion of Fig. 
41, in which case the shear is transmitted 
by a single rivet and the tension is divided. 

In problems in riveting, unless otherwise 
stated we shall consider the rivet as exactly filling 
the rivet hole, and that the holes are drilled or 
reamed so that there is no injured material 
around them duo to overstrain while punching. 
In practice, where the holes are punched and 
not reamed it is customary to make some allow- 
ance for this injured material. 

In problems where the width of the plate is given, it is generally better 
to consider the entire plate as a unit. In Problem 1 below, to get the tensile 
stress in the ne^t section we may take a strip 8.25 inches wide transmit- 
ting a pull of 13,200 pounds. 



lap joint. 


Problems 

(Look up rivet areas in handbook) 

1. Two K“inch plates, each 12 inches wide, are united by five J^-inch 
rivets in a single row to form a lap joint. The joint transmits a pull of 
13,200 pounds. Pind the unit tensile stress in the gross section of the plates, 



laVKTFJi JtUXTF 


< 'k ir. I VI 


B 7 


iltn itml nlrmA in rlin lint. tlin unit In lltn 

mill I tin unit n.ifii|iriv‘wuvn ^tri'fin liniwitnii rlvnt« ntid 

j |»»*r wjitHrt’ iiM’h in mwiknu 

vt Hfi, 'j |n»Mnil« |«»r ini‘!t, 

I -^ 0 , 7Miit |»iininh |w^f w|nitrn inrlt. 

2» I’lvii inrh hiiilrr |*liU«^f4 iirn iiiiifml by h miinln nnv nf rtviitu 

Ilf fiirtii II lii|i jtunt, 11it. liitrlt m iiinlini*. Fiml itin unit, tnrwib «trtw 
III I fill lint ftt-fiiiin i%lit'ii lliti nnii wIimriiiM wimiii In tlm rlvnlii in 
|f»»r rttfiifirt! Ifirli. I iiiiinitlM |»tfr miuiirn liitih. 



Fiin 42. >l$ii||b*»rivtiUHl Imti jnint. 


36, Butt J0iftt---A butt Juifit m tuiui^ wlti^n thu twci jiriiuutml 
jitiiiu^ lift! ill till! ulitrifb iiutl lira uiiittKl by luiiiinii cif mm or 
twii ftililitifiiiiil fiitrrtiw iilfittm catmr pUdm ur ImM Mmjm, 

A butt jtiirii wiili ft nirigta butt itriip m ac-iuivtUaivt to two liip 
J«ititt« iitiirni! iiiiidiuu, 

l*%. 42 «fiiiWM II tiiitt Joint with cloubia butt ntntiw. IImi riviitii |„ 
lira ill iluubli! Mfwiir no thiit tha Uitiil nhaitr tmtiiuiittod by aaah 
riffft ii twitni ii« grimt iw in it litji Joint. i 


Ixumglf 

1‘wi> tidiipli phim ft«i nnitwl to form n butt joint by two ?|fl-intih butt 
ilmp. 11ior« m oti« row of '?*|4nfih riviftii tm imt’h If tho tiyow^hln 
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unit tcnsilo atraai ir^ the plain k 10, (KK) patindn pnr mfUiira friiili ftficHlie 
able unit sheemng stroBH in th« rivntH m H,(KK) |Kmnd« pnr arpiart^ Indh wliisl 
ahcmld be the pitcsh? 

The area of one rivet in 0.0010 mpmre ineh, and cmeli rivi^t i« in t|«»iilfle 
siioar. The net cronH-neetion whic^h aarrien the tension t« lit# «lip»r 


in one rivet is 



2 X 0,0010 X H,OtlO, 
1.024 inebea, 


p *ai 2.K0 inehea. 


Problemi 


/ 1 . Two J|j-inch platen are unitecl by two l|*bieh butt iitra|« to foriit a 
butt joint. There in one row of Ji-inch rivet n tui eaeh aide. The ptleh in 
2}i incjhes. Find the unit teiiHilts atrew in tlie nid ieetJoii of the I|i4iiidi 
plates and the tuiit bearing strc^ns between these platm and the rlveta when 
the unit shearing stress in the rivets k 0,(K)0 pouinis ineh. 

Am, % » H,070 pmnuk |a?r wiimre Ineli. 
«« w* 18,850 I'HHmds |atr »i|tiare iiielt. 

Fig. 43 roprmarite a »ot of tifitii itiiiilii 
at thc! Watt^rtcwn Arsorial, to itiiily tho 
ladiavior of rivotiMl jfiinta. A pliila cif 
width b and thicikriosa t wm plintwl tlowii 
for a iK>rli<ni of its longtli to noiiiti ooii* 
voniont width and lioitiid to ii piiir of 
of butt ijiatea^ thua forming omi-tiiilf of ii tiiitl 
joint. Wrought-iron rivetii wor© iiwmI of 
nominal diarnc^ter Hn hath Iohh than tho diiiiiieter of III© 

In calculating it was aHHumod that th© finiihod rimU ©ntifislf 
filled the rivet holes. 



Problemi 

2. In test pie(?e No. 1,353 (Watertown Awenid, IW5, pg« §67), lh« 
breadth b WM 14.90 inches; tho tesieti width, 14.39 Inehis; tint acluai IIiIijI- 
ness of tho plate, 0.248 inch. There were five rivola In l-ittch drlll«l fiota. 
The joint failed by tension along tho lino of tho rivet Itiiliw ufidtr a pwll iif 
156,440 pounds. Tho calculated resulti m ptiblliliitcl are: 

Annas ifitmri te©h«i 


Gross sectional area of plates ll.Slii 

Net sectional area of plate ........... 2J2i 

Bearing stirfaco of rivets 1,2411 

Shearing area of rivote 7 .i 54 
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IMaXIMUM Stress on Joint Pounds per square inch 

Tension in gross section of plate 43,830 

Tension in net section of plate 67,170 

Compression on bearing surface of rivets. . . 126,160 

Shearing in rivets 19,920 

Verify these results. 

3. In test piece No. 1,355 the results were: 

Tested width of plate 16 inches. 

Actual thickness 0.251 inch. 

Ultimate load 167,200 pounds. 


There were five rivets in 1-inch holes. “ Fractured two outside sections 
of plate at edge along line of riveting; the two middle sections sheared in 
front of the rivets.” 

Compute all unit stresses as in Problem 2. 



Fig. 44. — Failure of riveted plate. 


Fig. 44 is a copy of a photograph of this plate after failure. 
It shows failure by tension across the net section and shear in 
front of the rivets. It also shows elongation of tho rivet holes 
due to bearing pressure on the plate, combined with shear. 

In order to compare the strength of the material in the net 
section of a riveted joint with the ordinary tension tests, two 
strips were sheared from each sheet of steel, one lengthwise, the 
other crosswise the sheet. These were planed to a width of 1.5 
inches and tested in the usual way. 

From the sheet used in No. 1,353 two test pieces were taken. 
These gave as ultimate tensile strengths : 

Pounds per square inch 


No. 1,213, lengthwise 69,180 

1,224, crosswise 60,840 
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Four test strips were taken from the sheet used for No. 1,355: 

Pounds per square inch 


No. 1,214:, lengthwise 58,680 

1,220, lengthwise 62,300 

1.225, crosswise 61,230 

1.226, crosswise 60,890 


Comparing these results with the unit stresses in the net 
section of the riveted plates, we find that the stress in the test 
pieces is considerably lower. This is an illustration of Article 

24. The net section in the 
riveted plate is relatively short 
and consequently is kept from 
necking as it would in a longer 
piece. Notice that there is no 
certain difference between the 
pieces lengthwise and those cross- 
wise the plate. This is explained 
by the fact that in rolling the 
metal it was worked both ways, 
so that there was no definite 
grain in one direction. 

In Problems 2 and 3, the 
design was such that there was 
relatively small shearing stress. 
The rivets used were large com- 
pared with the thickness of the 
plate. Problem 4, below, rep- 
resents a different case with a 
different mode of failure. 

Problems 

4. In a test piece similar to Fig. 43 (Watertown Arsenal, 1886, page 1401), 
the following data are given; tested width, 13.11 inches; thickness, 0.630 
inch; five rivets in l-inch drilled holes; failed by shearing the rivets under a 
pull of 295,500 pounds; rivet holes elongated 0.31 inch, 0.32 inch, 0.26 inch, 
0.25 inch, 0.24 inch, 

. Calculate the unit stresses. 

Pounds per square inch 


( Tensile stress in net section 57,840 

Bearing stress 93,810 

Shearing stress on rivets 37,620 


6 . In Problem 4, the butt straps were 0.384 inch thick. Find the unit 
tensile stress in the net section. 



Fig. 45. — Failure of rivet. 
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Fig. 4fi w H (Mtpy of H photogrwiili of a rivot which failwi hy 
Hiu'iir HH in PrtOihmi 4 (VVntortown Amnial, "'I't'Kin of 
IKHO, Jingo lf>07). 

37 . Rivets In More Than One Row. Itiv< 4 .H iiro fro<ium»tly 
arraiigi'd in two iir inoro rows, 'rho rivolH in the wmioiuI row 
may Ihi jilacctl diiwtly hoiiiml tho rivi'ta in tlio lirat row, <ir tJioy 
may Ih» arranged y.igy,ag aa ahown in Fig. 40 . 'I'wo adjoining 
rowa of ssigyag rivota muat not ixi jilacod too cIoho tog<d.h<'r or the 
jilaUi will fail along tho iliagonal lino joining the rivotM of tho 
two rowH, Tho Itoilor < '<ido of tho Ainorioati Society of Mo- 



t'lo. 40. DotihUi-rivetml lap Johit. 


tdtanical I’ingintHira ajaipifios that tii« t<itid not diataneoa, « aiwi a 
of Fig. 40, inuHt excHHul tho not diKtanco / i»y at loaat 20 p*»r 
cent.* 

In coinjaiting jirtihlonia of two or more rows of rivota it i« 
mwtoinary to regard the unit ahoaring atroiw tho satno in all 
riveta. 

Whero narrtiw plat«*8 arc united hy novoral rows of riveta, it 
ia la'Ht to take the entire width of tho plate jhi tho unit. 

• Tranmiclitift ({f lh» Amrimn .SoeWg «/ Mechaniml KnginMrg, 11U4, 

pimit torn. 
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Two by 12-inch plates are united to form ajap joint by means of 

ten 1-inch rivets arranged as shown in Fig. 47. The joint transmits a pull 
of 60,000 pounds. Find the unit shearing stress in the rivets and the unit 
tensile stress in plate A at sections 1-1, 2-2 and 3-3. 


60,000 
10 X 0.7854 


7,639 pounds per square inch. 


At section 1-1 the net area is (12 — 1)% and 


St 


60,000 
11 XM 


7,273 pounds per square inch. 



Fio. 47. — Multiple-riveted lap joint. 

At section 2-2 the net width is 10 inches, but since one-tenth of the total 
pull has been transmitted by rivet 1 from plate A to plate B the total tension 
transmitted through this net section is only 54,000 pounds, and 

54.000 

St = “ 7,200 pounds per square inch. 

At section 3-3 the net width is 8 inches, but three-tenths of the total pull 
has been transmitted to plate B through the rivets in sections 1-1 and 2-2 
so that the total tension in net section 3-3 is only 42,000 pounds. 

42.000 

St = — Q — = 7,000 pounds per square inch. 

Problem 

1 . Solve the above example if the plates are 10 inches wide instead of 12 
inches. 

[ At 1-1, St = 8,889 lb./in.2 
Ana. j At 2-2, st = 9,000 Ib./in.^ 
[ At 3-3, St = 9,333 Ib./in.^ 
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Notice thiit in iiroJilam I tin' grcivtiwt t«iwil« utrt'wt in nt muitiim 't-3, whiio in 
till* I'xmiijilii till* graitiwt Htri'HK in iit Hi*i*ti<in I I. 

In witifi phitoM, Htich iih urn UKod iti l«nleir«, it in not convoniont 
to cottHitlor tho ontiro widtii, hut it in I«<ttor to <iivido tho width 
up initi II luttulior of otpuil uuitH, ouch of whicii iucIudoH u K»'<»up 
of rivotH. (lOtiomlly tho width of Huch u unit is tiio pitch in tho 
row huvitig tho fowtmt rivots. 

In Fin. dd, whore tho pitch of luith rows is tho snino, tho width 
of tho uiut i« o<|Uitl io llio jiitch. It nuty extond from contor to 
contor of two rivotH in ono row. Tho entiro pull which is truns- 
mittod liy u strip of tho pluto of wulth /» may lit* ronurdod as 
ciirrioil hy tho whole of rivet d, the shaded portion of rivet 2, and 
tho shaded portion of rivet 1 ; or a st rip of eipial width may include 
all of rivets 4 and B. In either cas<% ono rivet in each row is 
ineludiHl in the unit. All the stress which is transmittwl l»y a 
strip of unit width passes througli tho not 
section of tho Iowit pinto Iwtweiui two 
rivets of tho right row. Half of this stress 
is transmitted to the upjxir platis through 
tho rivet of tho right row, and tho other 
half f«issi*s tlmmgh tho not section at the 
loft row of rivets. Tho unit tensilo stress 
in tho net stadion at the right row in t he 
lower plate and at the left row in the upjsir 
plate is twice as gioat as tho unit stress in 
the left row in the lower plato ami the right row in the upjsir 
plate. 

Fig. 48 shows three rows of rivets with twin* as many rivets 
In the middle row as in either of the othem. 'I'ho unit strip is 
taken as ecjual to tho {litoh in the outer rows. 'Flio mdt strip 
may exfemi from tho eonter of rivet I to the eonter of rivet 8, or 
it may includo tho whole of rivet 1 and none of rivet 5, In 
eitlw'r (*nse it embraces two rivets in the midtilo row and one 
rivet in each of the others. 


<;> 

(t>' 

9. I 


Frobitnti 

Twii hw Ufiitwl hy Jf-iiioh riv«4« to farm ii kp jaiwt, 

Hii* mn In llirw rawi m in Fig. 4H with thn pitch in tlm tmimv rawi B 
ififfh««» FimI nil the unit Anwmm If the %nm aiiatkin d %\m phim triinitiilti 
a iiiitl of a,40§ pMtiiili pir itmli of width* 
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Ans. 


8» in all rivets 

Be 

St right upper and left lower 
St left upper and right lower 
Si at middle rows 


Pounds per 
square inch 

6,790 

10,667 

7,530 

1,882 

6,857 


3. A butt joint is formed of two ^-inch plates united by two ^c-inch 
butt straps. There are two rows of J^-inch rivets on each side, the inner 
rows of 3-ineh pitch and the outer rows of 6-inch pitch. The unit stress in 
the gross section of the }4-mch. plates is 6,000 pounds per square inch. Find 
the unit tensile stress in the net section at each row of rivets in the J^-inch 
plates and at one of the inner rows in the butt straps. Find the unit shear- 
ing stress in the rivets and the unit bearing stress between the rivets and the 
J^-inch plates. 

Pounds per 
square inch 


' St in J^-inch plates in outer rows 7,024 

St in J^-inch plates in inner rows 5,647 

Ans. ^ in butt straps at inner rows 6,776 

Ss in all rivets 4,989 

Se between rivets and main plates 13,714 


4. Solve Problem 3 if one of the butt straps is narrow so as to include only 
the two inner rows of rivets while the other takes in all the rivets. Fig. 49. 

Pounds per 
square inch 


St in M-inch plates at outer rows 7,024 

St in J^-inch plates at inner rows 6,776 

St in narrow butt strap at inner rows 5,421 

Ans. St in wide butt strap at inner rows 8,132 

Ss in all rivet sections 5,987 

Sc in outer rows 8,229 

Sc in inner rows 16,457 


Suggestion. — The outer rivet being in single shear and the two inner 
rivets being in double shear, one-fifth of the total pull on the 6-inch strip is 
transmitted to the wide butt strap at the outer row. 

5. What should be the minimum thickness of the wide butt strap of 
Problem 4 in order that the unit stress in it may not exceed the maximum 
stress in the J^-inoh plates? 


Joints with one narrow and one wide butt strap are consider- 
ably used in boiler work. Such joints are open to the objection 
that the pull is not equal on both sides so that some bending is 
produced in the plates^ which decidedly weakens the joint. In 
a lap joint the effect of bending stresses is still greater, and such 
joints should be designed for much lower unit tensile stresses 
than are’ allowable in a butt joint with equal butt plates.* 

*F. W. Dean, Transactions of the American Society of Mechanical 
Engineersj 1915, page 620. 
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M* Ifflicltttcy of a Eifotod j0lnt.-*™Thii ratio of tho itrimgtti 
of II rivoi«^<i joint to ttio «trength of ono of tha whiah it 

uniiiiii p aiiiltHi tha t^leMney (»f tlio Joint. Hici iilliaianay mtiy 
filmi Iw dalifiaii iw tlio ratio of tlia nnit ntrami in ilm groaH m^atioiti 
whan tlio m HiraHHinl to iin allowocl limit, to tha allowiibla 
liitit i4tra>if4 ill tlia jiliitaa, If tin* joint in »o damgnml m to niako 
It lit laiiiit m strong in nliimr innl aomproHHion m it m In taimion 
tit ttio not naation, t-ha <*ffiaianay Inatoman tha riitio of tha nat 
naaiioii to tha grcma wwtion. 

'fha aiilauliitioip for c^fliaianay miiy Ik! IiiihihI iijKm aithar thii 
ultiiiifiia ntrangth or tha tillowiihla unit Htrana. Tha Bollar (^oda 
td 1110 Aniariaiin Hocnaty of Maahiutiaal Enginai^rn HiKntiflaa: 


t*fmnil» pur 

TiaiwN* wtrarigth of iita«4 pliita. ^ . . . M,nCK) 

Clrtwliitig itrofiglli of ntwl ^ . 1)5, (MM) 

Hliaiifitig utrofigth of utoo! rivap. - ■ 44,CKM) 

Hliimrifig ntn^ngtli of imrt riwte. . . **IK,OCM) 


'rh« ftirtlu'r njx^ulUm thiit tho Htwnigth of n rivot in (ioul>Ifi j 
xhoiir if* twi<'« Uh Htrongtii in witjgln xhoiir. 

With n fmstor of wift'ty of fi, wlii<!h ix tho on« Kt'itoriilly uwhI 
in iKiiltT tlosign, the alkwalile unit iHwotno: 

atHifttli |ii»r 
nnttitm i«#>h 

it far ‘ ‘ • I h(MM) 

i# for itaal 

«» for ilaal 

i* for Irtiti ^ * 7,tMM) 

To find the eftieioney of a given joint oiilculate tiie Htrength ' 
of a unit width iu tSia»^» ftt the iietjiiKs^nH, in Khear at the j 
tiveta, anti hi btviring iw'twwn rivetM and nittttw , and divide the | 
amalleat of these iiy tlie tetiaile strength of the unit wiiitli of thftj 
plate. 

Ex«mpl« 

Two li-ltiali itiial pltiiiti ara iinitail hy ii dtmhla raw of it©«l 

riviito to fiirrti e liifi joint. Tha pitali in aiuih rtiw in *i?4 tnnhiw. lliing tha 
ntlifiiEla ■tnifigtlii of tha A, 14, M» K. Boilar C^cHla,* aElculatii tha ailaianay 
of Ilia jolfiL 

lliii unit strip m 2% inalnifi witlii, ttntl tha rial widlh imiwmm rivati it *i 

itiahai* 

* Tmmadimm irf I5i Afmdmm Bmkiy MmhmkM Mnginmm^ 1914 

I 
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HTHimrrii of materials 

''rensilo strangth of not Hoctiou « 2 X X 55,000 41,250 poinitk 

Hluuiring strength of rivets Z X 0.4418 X 44,000 "«0H,87H |Hinrt<i«. 
Bearing strength - 2 X X M X 95,000 ^^^ 50,487 pouncis 

'ronsilo strength of unit ^ X % X 55,000^50,719 poumli 

The joint is weakest in shear and 

oQ jjyg 

Efficiency » * 5 (^ 7 19 0.685 " 68.5 per (?ant. 

Problems 

1 . Two M-ineh steel platens are united l)y a doubh^ row of Hdneh itoel 
rivets to form a lap joint. The i)itch is .‘hlg inelies. Find tlic effieiertey of the 
joint. Am. Wcnikest in teimion; effieieney » 74.1 per cent. 



2 . Two >^-in(sh plates are united to form a butt joint. There are two 
rows of Ji-ineh rivets on each side. The pitch at the inner rows is 2.5 Inchei 
and at the outer rows it is 5 inches. Find the efliciency. 

^ns. Weakest in compression; efficiency is 77.7 per eiint. 

8. What should l)e the minimum thiekntiss of iht^ butt simps in Friitilem 
2 in order that they may be 10 per cent, stronger than the main plates at 
their weakesst section. 


\Exainpla 

In Pig. 49 the pitch of the outer row m 5 inches, tlici pitch of the inner mw 
is 2.5 inches, the diameter of the rivets is M iech, and tlm tidckneiii of the 
plate® is % inch; find the strength and efiidenoy of the joint 


Chap. 1V| HlVMTKl^ JOINTS fl7 

'Taking ii «t.rip ^ ifiCfhf« wicln m ft nritfe thnnt fin» iwu rivitte In ilniiblii ih^ar 
iincl anrs rivnt in ninglt^ «hmr. 

Hhimring «trnngt.li of ofin rivotwintton 0,4*1 IH K 44,(MKI . , . . . 111,4011 

Bttftring iitningtlt of onci nvofc « *1^' X M X IkVKKk ... 2tlJIH 

Tot.itl iinmnitg ^trongtli r> X 19,400. 07, Ulft 

'FtHiHion in cnitor nnfc Mention ^ M X X fn1,0(K) . ... . . 

Tinwlcm in inne^r not wintion 51 X % X 5/1, <KM). , . 72, IM? 

'rorwiori in grcwH woniioft ^ X 5 X 55, (KK). . . 100,125 

'rh« joint ntity fail l)y tonwitHt itt innor maTitfo with shoitr or poHt|»roi«iiin ni 
outor rivcit. 

TonHion at innt^r Hootion iintl ihfmr 72, 1H7 f 10,400 , 01,11211 

Th«3 jfiint may fail by tiorn|iroMMi«m at tho two ittnor rivt^ia fuot Mbi^iir itt tbo 
oittor rivot, 

2(1,71 H X 2 + 10,400 72,h75 


Ah th<! pomprcwivo utrtmgth of tho tnitor rivot in groator than tbo »hoiiring 
Btrongth it waa not noooiwnpy to oahtiilato tho total atrongth in c’limpro^ilon 
or tho affaot of tonaion at innor Horticm witli iJom|troHaion in otitor rivni. 

Effloliinoy » *• 70.7 |w^r 

Problems 

4* Bolvo tho OKamplo abovo twing lic iifU’h rivota. 

Woaktiat in tcmalon in tho outi^r not aootion; offioionoy, H2 5 jmr oont, 

5* Fig. 50 ahowH ono of a aorioa tif finailritplo rivotoil butt jfiiniw ♦InaiKno*! 
by tho Hartfonl Ihnlor Irmpootion and limurnnoo (k». 'Tho abort |ntoh m IH 
inohoi and tho rivot holoa aro inoh. Find tho offioiiiitoy, ttaing tho unit 
itroaaoa tff tho A. B. M. K. Boilor Oodo. 

Aaa. 02.7 pcir oiint. Joint falla by touring tho plato botwwn rivot holoa 
irt tho third n>w and ahoaring tho rivota In tlio two tnitor ro%%a, 

;/ 89. Joints of Mwclmum Efflciancy.- It is iKtaHtidu in lipaigtt 
a joint having tha sarna atrangth itt tinimon, aomprasHton, unit 
fthaar. Biieh daHigna fraquanily load U> iitnimial air 4 »H of rivota 
or to valuai of idicdt whiah will nitt laava room ftir foriiiiiig tho 
rivat haad. Irt struatural work tha pitah is rocpiirttct to at 
laimt thraa tirnas tho dianiatcir of tha rtvtd.. Hniidlar pitatt m 
{.Mirinittad in Itoilaiii. 

Fortnulai for Jointe of maximum alfiaianay ara uwfiil in dariv* 
ing approximata viihias of tho pitah and nhm of rivati, and in 
ihowing tha maximum offiaianay iKissiblo with a givott ityla of 
joint, 

Singk’-rmied Lap Jotal,*— ”hk|uatifig tho aomprcwiva siroiigfh 
with tha tcinsila strangth in tlto not acHd-ion, 

« BJip - d), Ul 

wham t m tlia thiaknass of tho plato, d is tho diimtaiar nf 
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rivet, p is the pitch, and Sc and St are the compressive and tensile 
stress. 

Bed = st(p — d)y 
Sc + St 

V = 


Efficiency == 


p — d 


St 

d 


-d. 


St 


1 - ” = 1 - , ~ _L O 

p Sc St Sc + St 



( 2 ) 

(3) 

(4) 


Equating the shearing strength and the compressive strength, 


Scid = 

d - 


4 

TTSi 


(5) 

( 6 ) 


If Sc = 95,000, s, = 44,000 and St = 55,000, 

d = ^- 73 — i t = 2.75 i nearly. 

44 7r llx 

150 , 30 , _ - , , 

p = -^d i nearly. 

95 

Efficiency = :j^ = 0.633 = 63.3 per cent. 
loU 
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Problem. 


1. A siiigleHrlveted lap joint is made of J^-inch steel p!at«. Find tbe 
diameter and pitch of the rivets for maximum efficiency. 

A/ia. d = ^Me-inch; p = inches. 
The pitch in Problem 1 is less than the allowable value for stnicturalHsteei 
work but is permi^ble in boiler work. 

Single-rivd£d BvM Joint . — In a single-riveted butt joint the 
relations between compression of rivets and tension in the net 
action is the same as in single-riveted lap joints, so that equa- 
tions (1), (2), (3), and (4) are valid. 

Since each rivet is in double shear, (5) become 



2 St7r(P 

2Srt 

TSs 


(7) 


When Sc is 95, (KK), s* is 44,000 and St is 55,000 pounds per square 
inch, 

d = 1.374 t = nearly. (8) 


3.751. 


Problems 

2. Two H nch plates are united to form a single-riv ted butt joint. Find 
the size of rivets and the pitch for maximum efficiency. 

Ans. d = 0.86 inch; p =* 2.35 inches. 
Use d = 0.875 = K inch; p = 2.375 = 2^ inches. 

3. In problem 2, as used, find the efficiency. 

A««. Weakest in tension in net section; efficiency = 63.2 per cent. 

DatMe-rimted Lap Joint . — In a double-riveted lap joint there 
are two rivets in eompr^ion in unit width and 


2 sjd = Sjf(p — d), 

(9) 

2 Sc -h St j 

p = o. 

St 

(10) 

Efficiency = . 

2 Sc + s< 

(11) 


70 


STRENGTH OF MATERIALS 


I Art. 39 


The relatieB of sh^r and compre^ion is the same as in a single- 
rivetwl lap jomt m that equation (6) is valid. 

If = 55,000, and = 44,00), 


P = 




Efficiency == 


38 

49 


= 0.775 = 77.5 per cent. . 


Problems 

4. Two fft-iaeb pkt^ are united to form a double-riveted lap joint. 
Find the siie of the rivets and the pitch for maximum effieieaiy. 

Am. d ~ 0.86 inch; p = 383 inctes. 

Use d indi; p = Z% inch^ 
I. Find the efficiency the joint of Prt^lem 4 with d and p as 

Am. Weakest in tension; efficiency = 77.4 per cent, 
i. Two J£-inch plates are united by a double row of rivets to form a lap 
loint. Find the size of rivets and the pitch for maximum efficiency. 

Am. d ^ 2.06 inch^, an impractimi rivet. 

DmMe-rtweied BtiU Joird. — If all rivets pai^ through both butt 
stm|B the relation of tension and compr^ion is the same as in a 
double-riveted lap joint and equations (10) and (11) are vaKd. 
Equations (7) and (8) are valid for all butt joints in which all 
rivets are in double shear. One advantage of butt joints over 
kp joints is the fact that smaller rivets may be used with thick 
pkt« and still have the maximum efficiency. 


Problem 


T. Two ^-ineh plates are united to form a double-riveted butt joint in 
which all rivets are in double shear. Find the diameter of rivets and the 
pitch for the maximum effidenty. Am. d = 0.86; p = 3.83 inch^. 

Ui^ d = % ; p = 3% inch^. 

BxM Jmni with Otder Row Twim &e Pitch of 
Inmar Row . — There are three rivets in the unit width. If p is 
the pitch at the outer row 


3»cd = Slip — d), 
3Se + Sf 


8t 


Efficiency = 


3Sc 


3sc + Sf 


( 12 ) 

(13) 


(14) 
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Equations (7) and (8) apply. 

If Sc = 95,000, St = 55,000, and s. = 44,000, 

d = -g^ 


p = = = 8.5i. 

5a 11 


Efficiency = ^ = 83.8 per cent. 

Problem 

8. Two 34-iiicb plafc^ are united with double butt straps of equal width. 
There are two rows of rivets on each side, the pitch of the rivets in the 
outer ro^ being twice that of the inner rows. Find the diameter and pitch 
for the maximum efficiency. Am. d = ^}{e inch; p = inch«. 

Th^ principle may be applied to any arrangement of rivets, 
but care must be taken to see that the joint is not weaker by some 
combination of stresses than it is by a single stress. This was 
illustrated by the last example of the preceding article. 

It is nece^ry that boilers should be tight as well as strong, 
and for this reason rivets are frequently used in the construction 
of butt joints ^mewhat too large for the maximum efficiency. 

The Boiler Committee of the American Society of Mechanical 
Engineers has worked out the efficiency of a number of joints. 
Th^e are found in the Transactions of 1914, pages 1067 to 1075. 

The design of riveted joints for steel construction is tr^t^ 
fully in treati^ on the ^'Design of Framed Structures.” 

40* Stresses in Hollow Cylinders and Spheres. — In a hollow 
ve^l inclosing a liquid or gas under pressure, the pressure of 
the fluid develops str^ses in the walls of the vessel. The pr^ 
sure of a fluid at any point is normal to the surface. The r^ult- 
ant pr^ure on any portion of a curved surface in any gimfh 
dired,ion is equal to the pressure on a plane surface perpendicular 
to the given direction and equal in area to the projection of the 
curved surface upon its plane. Fig. 51 represents a portion of 
the surface of a cylinder of diameter Z>, and of length I perpen- 
dicular to the plane of the paper. If F is the prepare on this 
surface in pounds per square inch, the total pressure on the semi- 
circular surface to the right of the plane AB is The re- 
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sultaat p“^iire on this surface in the direction normal tx) AB 
is PDiy since Dl is the area of the projection of the curved surface 
upon the vertical plane. There is an ^ual pre^ure in the 
opposite direction upon the cur^^ed surface to the left of AB. 

two equal and opposite forc^ are r^isted by the cir- 
cumferential tensile stress^ in the ^tions at A and B. If t 
is the thiekn^ of the wall of the cylinder, the area in tension is 
211, and 




Fig. 51. — Hollow cylinder with intenml pre^re. 


2thi = PDl, 

PD 
s. = yf 

ftoUems 


( 1 ) 

Formula V. / 




1. A boiler shell 30 inehes m diameter is subjected to a steam pr^ure 
of 150 pounds per ^mre inch. ITie plates are inch thick. Find the 
umt stress. Am. 6,000 pounds per square inch. 

SL A lK>aer shell 5 fe^t in diameter is made of % e-inch plato. The longi- 
tudinal joints have an effickncy of 80 per cent. The allowable unit tensile 
str^ in the plates k 11,000 pcmnds per i^uare inch, find the allowable 
p^wire. Am. 165 pounds per square inch. 


The r^ultant pr^ure on the end of a hollow cylinder in the 
direction of its length is the product of the pr^ure in pounds 
per square inch multiplied by the arm of cro^-section of the 
cylinder. This is r^isted by a longitudinal tensile str^ in the 
atell. The crc^-^tion in tension is approximately the inner 
circiimference multipikd by the tMckn^. 


BtwDt 


St = 


P^D^ 

4 ^ 

PD 

4t 


( 3 ) 


( 4 ) / 
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The longitudinal unit stress in a hollow cylinder is one-half the 
circumferential unit stress. 

Equations (3) and (4) apply also to hollow spheres subjected 
to internal pressure. 

Since the longitudinal tensile stress is only one-half the cir- 
cumferential unit stress, it is only necessary to have the effi- 
ciency of the circumferential joints which resist the longitudinal 
tension a little greater than one-half the efficiency of the 
longitudinal joints. 

Problem 

3. A hollow cylinder 4 feet in diameter is made of %6“inch plates. The 
longitudinal joints are double-riveted lap joints using J^-inch rivets spaced 
3% inches (Problem 4 of Article 39). The circumferential joints are single- 
riveted lap joints with J|-inch rivets spaced 2H inches. Find the allow- 
able pressure using A. S. M. E. ultimate strengths with a factor of safety 
of 5. 
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TORSION 


41. T<wrque. — shaft or rod subjected to a pair of equal and 
opposite couple in parallel planes at right angles to its length 
is in torsion between these planes. In Fig. 52 we have a rope 
wound around a shaft and carrying a weight. Attached to the 
shaft is a pulley upon which runs a belt. The tension on the 
rope and the reactions of the bearings form a counterclockwi^ 
couple, while the tension on the belt and the reactions form a 
clockwise couple. If there is no friction at 
the bearings, th^ couples are equal, pro- 
vided the shaft is stationary or moving in 
either direction with constant speed. The| 
moment of either couple is the twiding mowmdl 
or torque j in the portion of the shaft betw^m 
the pulley and the rope. We will reprint 
torque by T. Torque is expr^ed in fbot-| 
pounds and inch-pounds. Some writers, inf 
order to distinguish torque and bending 
moment from work, use pound-fed and 
pound-inches for the first two and reserve 
fo<d-poundsj and inch-pounds to mean work or energy. This 
distinction is not in general use. 



Fig. 


52.— Shaft 
torsion. 


Problems 

1. An axle 12 inches in diameter is to lift a load of 600 pounds by 
means of a l-inch rope. What is the torque? Ans. 3,900 inch-pounds. 

2. A shaft carries a 4-foot pulley. A belt running on this pulley exerts 
a pull of 1,500 pounds at one point of tangency and a pull of 200 pounds at 
the other. Neglecting the thickne^ of the belt, find the torque. 

Ans. 2,600 foot-pounds. 

42. I>efonnatian and Stress at Surface of Shaft. — Fig. 53 
repi^^nts a shaft fixai at the lower end. DB and EF are Unes 
in its surface parallel to the axis CO. If the cylindrical surface 
the lines DB and EF is developed, it forms the plane 
iwlangle DBFE. If a torque is applied to the shaft, twisting 
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it in a counterclcwkwise direction, the point B is displaced to B* 
and the point F m displaced to F', The developed surface 
BBFE suffers a sharing deformation and become the parallelo- 
gram DB'F'E. Every point on the surface at the upper end 
is displaced the distance BB\ If a is the radius of the cylinder 
and Q (in radians) is the angle through which the top is turned 
with reference to the base, the displacement SB' is equal to a6. 



If I is the length of the shaft, the unit shearing deformation is 
given by 


5 , 


aB 

Y 


( 1 ) 


and the unit shearing stre^ in the outer fibers is given by 


( 2 ) 


Problems 

1. A 4-iiich TOlid steel shaft is twisted 2 degrees in a length of 10 feet. 
What is the unit sharing displacement at the surface? 


Ans> bf 


ir 

5,400 


-0.000582. 
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S. If tkc Hi<«iiiiys oi rigidity of tt-e Mcel of fYobleai 1 is 

per ^iiai« InA, Snd tli© iiidt jslieariiig stress in the outer fibers. 

.dM. iSa « 6j9S4 pounds f»r sqiia«? Incli. 
S. A nrf M twisted 32 in a length of 10 fc»et. Find the 

ttait slieairijig d^k« 5 meiit in the outer fiber. 

4. If a I -inch rod erf a gi%"en material may be twisted 5 degree in a length 
M 12 f€»t, without exceeding the allowable unit shearing stresi, how much 
«ay a j^dmeh rod of the mme material be twisted in a length of 4 f«t? 


43. RelatliMi erf Torque to Angle erf Twist. — Fig. 54 shows the 
upper end of the shaft of Fig. 53. An elemenl of area clAis 
at the petition M at a distance r from the axis. 'RTien the shaft 

is twisted and the top is turned through 
an angle of J f ^ mo¥ed 

to 3/'. Its displacement is rf and the 
unit shearing displacement is ^Ten by 



5* = 


f ■ 


( 1 ) 


The unit shearing str^ on dA is given 
hy 


I 


( 2 ) 


The part of the shaft between the 
radius r and the radius r + dr is a hollotv cylinder of thickn^ dr^ 
which may be developed into a rectangular solid of width 2rraiMi 
thickne^ dr. The area of croi^-s^tion of this hollow cylinder 
is 2wrdr^ The sharing force required to deform this cylinder m 
the product of Its crx^-section multiplied by the unit shearing 
str^. 

2wE^ 

Shearing force = 2irrdr X “IT” == — ; — tMt. (3) 


I 


1 


The moment of this shearing force with respect to the axk of the 
cylinder is the product of the force by the distance r. 

2tE^ 

Resisting moment = — j — i^dr. (4) 

Hie entire shaft may be r^ard^ as made up of a seii^ of (X)n- 
OKiliic hollow cylinders of tUcknms dr, and the total r^isting 
wmmemkj wMch m w^uivaient to the external torque, m the 
frf (4) between the limits r = 0 and r = a. 
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r^r = — ^ [r^], 


EsO ira^ 


The expression is the polar moment of inertia of the circle 

of radius a and is usually represented by J. Equation (5) 
becomes 

Tl 

r 1 ‘ 1 1-^1 •T'TT 


( 6 ). 


from which 


Formula VI. 


This theory applies rigidly to circular shafts only. In Fig. 54 
the straight line 0MB remains straight when the shaft is twisted. 
In sections which are not circular, this is not the case, and the 
unit shearing stress is not directly proportional to the distance 
from the axis. 

Problems 

1. A 24nch solid steel shaft is twisted 2 degrees in a length of 10 feet. 
If the modulus of rigidity is 12,000,000 pounds per square inch, what is the 
torque? Ans, 565.6 tt^ = 6,483 inch-pounds, 

y 2. Find the angle of twist in a length of 15 feet of 4-inch solid steel shaft- 
ing which drives a 6-foot pulley when the tension on the belt at one point 
of tangency is 2,900 pounds and at the other point 300 pounds. The 
modulus of rigidity is 11,700,000. Ans. $ == 3.28 degrees. 

3. A hollow tube 2 inches outside diameter and 1 inch inside diameter is 
twisted by a force of 120 pounds at the end of an arm 5 feet long, and the 
angle of twist is 1 degree in a length of 40 inches. Find E„ 

Ans. Ea = 11,200,000 pounds per square inch. 

44. The Relation of Torque to Shearing Stress. — From equa- 
tion (6) of Article 43, - 

T = (1) 

and from equation (2) of Article, 43 

/S.= (2) 

from which ~ - = — • (3) 

la 


Substituting in (1) 


Formula VII. 
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yci* / ra® 

For a solid circular shaft, J = and - 

2 a 


2 ’ 


S. = 


X 

T«’ 

T 


16 F 

rd*' 


(5) 


I Formula VII gives the unit shearing stress at the surface of a 
imUd cir^ar thqft of radius a subjected to a torque of T inch- 
i pounds. 

For a hollow circular shaft of inside radius b, 


J = 


{«* 


2 

S. = 


6*) .4(a* + 6*). 

2 


2Ta 


r(a* — 6*) 


Problems 


1. A 2>ineh ^lid slmft is twisted by a force of 30D pc^jiids applied to a 
wieacli at a distance of 4 feet from the axis of the shaft. Find the unit 
shearing stre^ at the outer surface of the shaft. 

14 4CM) X 2 

Am. Ss = — = 9,167 poimds per sqiimre inch. 

w 

2. A 4-foot flywheel is driven by a 3-mch solid shaft. The tenslim m. 
part of the belt is 1,500 pounds, and on the other 300 pounds. Find the 
torque and the maximum unit shearing stre^. 

An«. Sa == 5,432 pounds per ^uare inch. 

3 . A 4-ineh solid shaft exerts a torque of 6,000 foot-pounds. Find the 

maxmaum unit shearing str^. Am. 5,729 pounds per ^uare inch. 

4 . Solve Problem 3 if the shaft hoEow with the miteide diameter 4 
inches and the inside dmmeter 2 inches. 

72, OCX) X 2 X2 


A m. Sm = • 


ir( 16 ~l) 


^6,111 |K>unds per ojimre inch. 


5. Scive Problem 3 if the shaft Is hollow with the inside diameter 2 inches 
and the outside diameter such that the mm (rf is equivaleait 

to that of a 44nch m>M shaft. Am. 4,271 pcwnds per ^^uare inch. 


Formula VII may be derived in another way. From Fig. 
54 it is ^n that the dfeplaeement of any area dA is proportional 
i. to its distance r from the axis. Hence the unit shearing sla:^» 
H rfso proportional to the distance of the element from the axis 
! of the shaft. If 3i is the unit shearing sire® at unit distance 
i from tie axis, the unit shearing str^ at a distance r is Sif. 


Chap. V| 


torsion 


79 


The shearing strips on nn area dA is SivdA and the resisting 
moment is The total moment is given by 

T = sifrMA; ( 1 ) 

but J* r^dA is the polar moment of inertia I, from which 

T = siJ. (2) 

But since at any point is equal to sir, the unit shearing stress at 
the surface where r == u is given by Sa = S\a, hence Si which 

SaJ 

substituted in (2) gives T == Formula VII. 

45. Rektion of Torque*^ to Work — To an arm of length R, 
measured from the of a shaft, a force P is applied which is 
perpendicular to the plane passing through the axis of the shaft 
and the point of application of the force. The torque is RP, 
When the shaft makes one revolution, the point of application of 
the force mov^ through a distance 2tR. The work done by 
the force P in making one revolution is 2 ttRP. Since PR is the 
torque 

Work = 2wRP = 2tT, . 

The work per revolufibn Is 2 w times the torque. This is true I 
whether the torque is due to a single force or to a number of I 
forces. I 

In problems relating to work done by a rotating body, solve 
first for the torque. When this is obtained in a numerical or 
literal equation, it may be used in Formulas VI and VII. 

Problems 

1. A shaft tmiismits 600 horsepower at 180 revolutions per minute. 

What m the torque in foot-pounds? Ans. 17,506 foot-pounds. 

2. in Problem 1, what must be the diameter of the shaft if the maximum 
unit Aatring str^ is 5,000 pounds per square inch? 

Ans. 6 inches n^riy. 

S. How many horsefwwer may be transmitted by a hollow shaft 8 ineh^ 
in^e diameter and 12 inch^ outside diameter, if the maximum sharing 
str^ is ^fMM) p«inds per square incdi and the speed is 100 revolutions per 

minute? 

4, If B the allowmble unit shearing stress, N is the number of revolutions 
p«r minitte^ kp m the hor^power, and a is the radius of the shaft, show that 

_ 33,W0 X 12 X Ap. 40,123 hp 
~ NS^ ' 


m 
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5. If tlie allowable unit sb^iing str^ is 5^000 pounds per ^uare iacb, 
Aow tlial the diameter of a solid shaft should be approximately, 

.- 4 ^. 

46. Helical Spdngsu — ^An interesting example of torsion is 
the stretching or compression of a helical spring, such as is shown 
in Rg- b5. A helical spring is made bj winding a wire or rod 
on a cylinder (in a single layer, usually). The lajius of the coil 
of the spiing is the sum of the radii of wire and the cylinder 
about which it is wound. The ends of the wire, when the spring 
is to be used in tension, are turned in to the center 
so as to apply the force in the line of the axis. 

The greater part of the elongation of a helical 
spring is due to torsion. If we consider a section 
at 0, Fig. 55, II, we find that there is a twisting 
moment PR due to the load P at the axis. (Fig. 
55, II, is a plan of the lower turn; the force P is 
normal to the plane of the paper.) The point C 
at which the load P is applied being at the center 
of the circle, it lies in the plane of the section and 
therefore there is no bending moment. The effect 
of a force acting on an arm CEO is independent of 
the form of the arm . As far as concerns the str^^ 
at the section, CEO might be a straight rod from C 
to 0. The point 0 is any point in the spring ex- 
cept the portion CE and the similar portion at the 
top. With these exceptions the entire spring is sub- 
jected to a twisting moment PR» In addition to 
this torsion, there is a constant total shear P. 
Also, since the turns of the coils are not exactly 
horizontal, there is another slight correction. Both 
of these are neglected in ordinary calculations. 

II To get the elon^tion of a helical spring due to a giwen load, 

I multiply the angle of twist in the entire spring by the radius R, 

Problems 

1. A rod 0.2 indi in diameter is used to make a heUeal simng of 20 turns. 
The radim of tke coil from tbe axis to tbe center of all ^wtions is 1 incsb. 
Wliat m the elongation, due to a load 3 pounds, if the modulus rigidity 
is 12,00(^000 pounds per square inch. 

0 0001 ST 

Ip. r = Sinidi-pounds; J = — ;teigthc^ rod, 40x. 



U 

Rg. 55. — 
Helicid spring. 


2 



3X4Q^X2_ ^ 
12,(M)0,«W X O.CKK)l a- 

ElongatioE = 0.2 X 1 


= 0.2 radian. 


0.2 inch. 


2. What is the unit shearing stress in Problem 1?^ ^ r - 4 =■, i 

, ^ 6,000 , 

Ans. o« == -- — 1,910 pounds per square inch. 

3. If the same rod were used to mate a spring of ten turns, each of 2-iiicli 
radius, what would be the elongation due to a load of 3 pounds, and what 
would be the unit shearing stre^? 

Am. 0.8 inch, 3,819 pounds per square inch. 

4- At Watertown Ai^nal, a steel rod 1.24 inches in diameter and about 
241 inch^ long was formed into a helical spring 7.64 inches ontside diameter. 
A Icmd of 5,CKX) pounds shortened this spring 4.64 inches. Find the modu- 
lus of shmring elasticity. Ans. 11,460,000. ’ 

3, In Problem 4 find the unit shearing stress under the load of 5,000 
pounds. Ans. 42,740 pounds per square inch. 

6. If is the radius of the helix, r the radius of the rod, P the Ic^, Ss 
the modulus of elasticity in shear, and n the number of turns, prove that 

T., 4PR^n 

Elongation = -^r-T— * “ ; , 

7. If 5, is the allowable unit shearing stress, find the elongation of a spring 


in terms of jS*, R, r, and n. 


Arw. Elongation = 




S. Find tbe expre^ion for the elongation of a helical spring in term? of 
Ssj Em, R, r, and I, where I is the length of the rod. Elongation =* 

EmT 

47, ResHience in Torsion. — force P at the end of an arm 
R twists a shaft of length I through an angle of S radians. If 

P 

there is no torque at the beginning, the average force is ^ * ^nd 
the work of twisting is given by I I 


Work = 


2 


If the shaft is circular and of radius u, 

rr _ _ JS^Ji 

2a^EJ 2a^E‘, 

For a solid circalar shaft 




82 STRENGTH OF MATEHIALS f A rt. 47 

aii:d the emci^F volume =» U = Formula VIII. 


ProMems 

1. la Ffohlem 4 oi Artiek 46 fiad the work doae by the laid of 5,000 
poiiad# la shorteniiig the spring and the work per cubic inch. 

Am. 11,600 iaeh-poimds. 

39.8 iiich-p«iiida per aible inch. 

I. Find the uMlknee per cubic inch in Probleia 1 by hi»qs of eqimtion 
m aad the urnmem ^ Prdblems 5 and 4 of Article 46. 

S. A spring at the Watertown Ara»ml was made of M |x>iiads erf rod 
l.ffi inches in diameter. TTie outside diameter of the ooi wm 4.^ inchM. 
A hmd d 11,000 pounds changed the length of this spring from MS3 iiici» 
I© 1467 iache®. After the k»d was resiO¥ed the sprinf rcturarf to its 
origiii^ kngth to witMn 402 inch, find the eaei^' per ciibic keh and the 
«e?^ per poiiwi. Am. W.4 foot-pouads per pomid. 

4. In 3 what was the maximuBi sheariag jtreis due to toraios? 

I»iiiii1j per «|ttare inch. 


CHAPTER VI 


I. 



BEAMS 


48. Definition of a Beam. — Fig. 56 is a front elevation of a 
beam supported near the ends and carrying a single concentraied 
load P in addition to its own weight. If the beam Is unifomr, 
its own weight is a uniformly distributed load. There is an 
upward reaction at each supF>ort. A beam may be defined as a 
rigid body subjected to transverse loads and reactions. 



¥m. 56. — Beiiiii supported at 
ends. 



Fig. 57. — Cantilever. 


49. Ki n ds of Beams. — Beams may be classified according to 
the character of the support and the method of Icmding. Fig. 
57 represents a beam fixed at one end and free at the other. 
This kind of beam is called a cantilever. Fig. 58 is a t^sam fixed 
at lK>th ends. Fig. 59 is fixed at the right end and supported 
at the left. Fig. 60 is a beam which overhangs its supix>?fs. 



and supported at the other. 


A fc^ni with thiw or more supports, as in Fig. 61 is a conli’n 

The figurw show different methcKis of loading and some of 
tte ways of rep^»iitiiig the loads and reactions in diagrams and 
dmwm^. 

In Fi^. M and 59^ we have a single concentrate load. In 
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Fig. 58, there are two concentrated loads. In Fig. 57, there is 
a uniformly distributed load over the entire length. In Fig. 60, 
there is a uniformly distributed load over half of the length, and 
a concentrated load at the right end. In Fig. 61, there is a 
distributed load over part of the left portion and another load 
of greater weight per unit length over the right half. 

A beam is not necessarily horizontal. A vertical fence post 
subjected to the horizontal force of the wind or the weight of 


nil'll II 1 1 II II II 


Fig. 60. — Beam overhanging 
supports. 

a gate is a cantilever beam. A post at the end of a line of wire 
fence is a vertical beam supported at one end and partially 
fixed at the other, with several concentrated loads due to the 
tension in the wire. 

60. Reactions at Supports. — The calculation of the reactions 
at the supports of a beam is a problem of mechanics, involving 
the equilibrium of non-concurrent, coplanar forces. It will be 
remembered that in the general case three independent equations 


1 0 // 

72 *’ 


<• 4 U 



eo* 

/ // 






Fig. 62. — Beam supported at ends. 

may be written and that the problem can be solved when there 
are three unknown forces. When the forces are all parallel, as 
in most cases of beams, there may be only two independent 
equations and two unknown forces. One of these equations 
must be a moment equation and the other may be either a 
moment or a resolution equation. The moment equations 
should be taken about axes which intersect unknown forces. 
In this way one unknown force will have no moment arm and 
will be eliminated from the equation. 
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its Fig. 61. — Continuous beam. 
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Example 

A uniform beam !2 feet long, weighing 60 pounds, is supportei at the emis 
and carries a Icmd of 72 pounds 4 feet from the left support (Fig. 62 C Fine! 
the reactions at each support. [Remembering that the center of gravity ui a 
uniform beam is at the middle of its length, take momeiits about a bun- 
ion tai line perpendicular to the beam through the right support. 

Load Arm Moment 

Ib in in foot- 

ponnds feet pounds 

60 X 6 = 360 
72 X 8 = 576 


Ri X 12 ^ 936 

El = 78 pounds. 

Taking moments about the left support : 

60 X 6 = 360 
72 X 4 = 28S 


X 12 = 648 

i ?2 = 54 pounds. 

Check by vertical resolutions. 


Loads 

Reactions 

60 

54 

72 

78 

132 

132 


Example 

A h^m 20 feet long, weighing 30 pounds per foot is supported at the nght 
end and 4 feet from the left end and carries a load of 80 pounds at the left 
end (Fig. 63). Find the reactions, and check. 



Fig. 63. — Beam overhanging left support. 


The total weight of the beam is 30 X 20 = 600 po^unds. 
Taking moments afcwut an axis throi^ the right support. 

WO X 10 = 6,000 
80 X ^ - 1,600 


Bi X 16 = 7,600 

Ri = 475 pounds- 
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Taking moraenfcs about an axis througb tbe left sopfMirt, 

(m X 6 = 3,6CM) 

80 X “ 4 = -3*^ 

X U = 3,280 

Rt — 205 pounds. 

It win be noticed that in the first part of each example counter- 
cloekwfise moment is WTitten positively and in the ^cond p.ii 
clockw^ise is written positively. This is done for convenience 
to avoid n^ative signs as much as possible. It mak^ no dif- 
ference which sign is given to a moment expression, provided the 
^me convention is retained throughout one equation. Wten 
the moments are not all of the same sign, it is convenient to take 
as positive the rotation which has the greatest number of terms. 
The direction of a moment should always be determined by 
noting w’hich way it tends to rotate about the axis of moments 
rather than by observing the mathematical sign of the forces and 
the arms. 

In the second example, the moment of the left 4 feet of the 
b^m is counterclcKjkwise about the left support while that of 
the remaining 6 feet is clockw^ise. Some students would write 
these two portions separately" taking 120 pounds with a moment 
arm of 2 feet and 480 pounds with a moment arm of S feet. The 
method used in the illustrative example, where the whole weight 
is tinted as concentrated at its center of gravity 6 feet from its 
r%ht support, is shorter. Again, some would write these 
moments in the form of an equation, the first part of the second 
example being 

600 X 10 -f 80 X 20 = 16 i?i. 

This is sometimes convenient when there are factors which can 
be cancelled, but generally it is better to arrange the work as 
shown in the example. TVTiere there are a large number of 
teims, several of which are negative, it is advisable to put the 
positive moments in one column and the amative mcnnents in 
another. 

Problems 

1. A unifonQ beam, 24 feet lung, weighing 60 pmmds per foot, is suppoxt«l 
2 le^ fima the left end and 6 feet from the right eid, and carrier a load of 
pcKinds im the end and a load of 3^ pounds 8 feet from the 
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end. Find the reactions by two moment equations and cheek hj veriiiml 

resolutions. 

2, A horizontal lM»m ^ feet long, weighing 80 pounds, is supported 4 
from the right end and held bj a downward reaction at the right end. 
Find these reactions and cheek. 

S. A l^am 4 feet long, weighing 60 pounds, with its center of gravity at 
the middle, is hinged at the lower right comer (Fig. 64) and held horizontal 
by a horizontal puli S inches above the hinge. Find this horizontal pull 

(#/), the liorizoiita! component of the hinge 
reaction (C), and the vertical component of 
the hinge reaction (V). 

A ms. if, pounds; C, ISO pounds; F, 60 
ixuuids. 
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Fig. 64.-- Beam supported by 
horizontal couple. 


il. Shear ia a Beam. — Figs. 65 and 
69 show a horizontal cantilever weigh- 
ing to pounds per foot with a vertical 
load of P |x>imdsat a distance of a feet from the free end. Ase<*tion 
EFG perpendicular to the length of the beam is taken at a dis- 
tance of X feet from the free end. The portion of the beam to the 
left of this section will be treated as a free body in equilibrium. 
The weight of this portion is wx pounds, and together with the 
load of P pounds constitute the external load on the portion of 
beam. It is kept in equilibrium by the internal /oreca which the 
right portion exerts on the left portion across the plane EFG. 



Fig. 66 shows the b^m actually cut in two at the section FG. 
A cylinder, with its axis horizoiital and perpendicular to the 
length of the is put between the two portions n^r the 

bottom, and a short horizontal chain connects them near the 
top. A second chain attached to the right end of the left |x>rtlon 
runs vertical. 

Since the forc« exerted by the cylmder and the horiiontal 
chain are horizontal they have no vertical component, m that 
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the teEsion in the vertical chain must be equal to the resultant of 
the external loads. Tills is easily shown to be true if the vertical 
chain is supfKirted hy a spring balance. By horizontal resolu- 
tions it is seen that the pull H in the horizontal chain is equal 
to the compr^ion C in the cylinder. 

In Fig. 67 the cylinder is replaced by a rectangular block. 
If the coefficient of friction is sufficiently large, the friction will 
exert a vertical force equal to the weight of the portion, and the 
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Fig. 66. — Cantilever shear and 
tension. 

Fig. 67. — Cantilever shear resisted 
by friction. 


vertical chain may be removed. This vertical force is trans- 
mitted across the rectangular block as vertical shear. 

Fig. ^ shows the same beam with the piec^ glued together. 
The lower part of the glue is in compression, the upper part is 
in tension, and all of it is in shear. 

Fig. 69 reprints a similar beam which has not been cut. The 
material in it at any section is under the same stresses as the 
glue of Fig. 68. 



Fig. 68. — Resisting shear and mo- Fig. 69. — Shear and moment at 
meat at glued section. section. 


The vertical shear, Fi of Fig. 69, is called the reusititg shear. 
The Exultant of aU the forc^ jmrallel to the section which act 
on the portion of the !>eam on either side of the section is called 
the esderntd shear. In a horizontal team the external shear (for 
a SMjtion at right angte to the b^m) k vertical and is called the 
mrtiad shear. In fonnulas total vertical shear is repr^ented 
by F. The resisting sh^r on one side of any ^tion is o^ual and 
oppc»te to the external sh^r acting on the portion of the bmm 
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on tlie other side of the section. In Fig. 68 the external shear 
on the portion of the t^am to the left of the section is F 4 - ir«r 
acting downward mid is equal to the resisting shear with whieli 
the fK^rtion to the right of the section acts on the glue. Sinc^e 
the entire fjeani is in equilibriiiin under the action of the external 
forces, the external shear on the portion to the riglit of the sec- 
tion must he equal and opposite to the shear on the left portion „ 
In like manner, the portion to the left of the section exerts a shear 
equal and opi^site to li upon the portion to the right. 

The mognitnde of the vertical shear may be determined froiii 
the vertical resolution of all the external forces which act on 
either the left or the right portion of the beam. In Figs. fS 8 and 
69 it is convenient to use the left portion, since the external fori*es 
on this portion are given. In a cantilever fixed at the left end 
it wrould be better to consider the portion to the right of the sec*- 
tion as the free body in equilibrium. 

The sign of the vertical shear is determined from the resultant 
of the forces which act on the portion to the left of the section. 
The v^ertical shear is positive when the resultant of the vertical 
forces to the left of the section is upward. It is positive when 
the internal shear acting from the left |K)rtion upon tlie right, 
portion at the .section is upward. In Figs. 68 and 69, the verti- 
cal shear is negative. 


Fig. 70. — Beam supported at ends. 
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Example 

A uniform horiioiital beam, 10 feet long, weighing 12 poiind-s per foot, » 
siipfM>rted at the ends and mni^. a load of 30 pounds 3 feet from the left 
end (Fig. 70). Find the total vertical shear at a section 2 feet from the k*ft 
end and at a section 4 feet from the left end. 

The rmctions are 81 |x«iiids at the left support and 69 pounds at the right 
support. Using the left p>rtioii as the free body in equiiibriuiii, »l 2 fe«t 
from the left end, 

tq =: 8 i — 2 X 12 = 57 pounds. 

At 4 feet from the Mt end, 

F 4 = SI - 4 X 12 - SO = 3 pounds. 

Uang the right fwrtioe as the free body, 

— F 4 = 09 — 5 X 12 = —3 pounds. 


I 
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When the right portion was as the free body the result is negative, 
but siaee it m agreed that the left portion shall determine the sign, this must 
t>e calM — Vi, and 

Vi — 3 pounds 

as before. 

Problems 

1. In the above example, find the verticsii shear at 1 foot from the left 
end and at 9 feet from the left end. 

Ans. Vi — 69 pounds, = — 57 pounds. 

2. A horizontal cantilever, fixed at the right end, weighs 60 pounds per 
foot. A rope attached at the left end exerts a pull of 100 pounds upward 
at an angle of 30 degrees to the vertical. Find the total verti(»i shear at 
1 foot and at 2 f^t from the left end. 

Ana. F = 26.6 pounds at 1 foot, V = — 33.4 pounds at 2 feet. 

52. Bending Moment and Reastmg Moment — To calculate 
the compressiye and tensile forces at any section one moment 
equation must be written. The moments are calculated with 
respect to an axis in the plane of the section FG (Figs. 71 
and 69) perpendicular to the external forces. (In Fig. 69 this axis 



Fig. 71. — Moment of cantilever section. 


is i^rpendicular to the plane of the paper.) Considering the 
portion of the beam to the left of the section (Fig. 69) as a 
free body, the moment of the residing shear is zero (since its 
line of action passes through the axis of moments) and the 
moment of the external forces to the left of the section must be 
equal and op|K>site to the moment of the forces, Hi and Ci, 
which act acro^ the section from the right portion. It is ad- 
visable to take the axis of moments through the center of gravity 
of the cross-section. The horizontal line AB through the center 
of gravity of the section EFG of Fig. 71 is such an axis of moments. 

moment of the external forc^ on the fr^ |x>rtion of the beam 
alx)ut tHs axis is the eaterrud moment at the section, or the feend- 
ffip momefd. The moment of the internal fo-rc^ parallel to the 
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length of the l^am about the same axis is called the remMmg 
fmmerU or internal moment. As these two moments are al«'avs 
equal, it is customary to speak of the mo?nent at a stcimn without 
distinguishing tetween internal and external moment. When 
the externa! reactions and loads are all perpendicular to the 
length of the lM?am^and, consequently, parallel to the section, 
the moment arms of all these forces may be measured fnuii the 
plane of the section, and it is not necessary to consider axis 
of moments as passing through the center of gravity. As this 
is the usual case we are ac- 
customed to speak of the 
‘'moment at a section,’^ with- 
out eonsidering any par- 
ticular axis in that section. 

The bending moment is 
considered positive at any 
section when the 'portion to 
the left of the rniion tends to 
turn the portion to the right 
in a dodcwise direction, or 
when the resisting moment 
from rigM to left is murder- 
clockwise. The bending mo- 
ment is negative in Fi^. 69 
and 71 and is positive in 
Fig. 70. In the cantilever 
fixed at the left end in Fig. 

72 the moment at all sections 72.— Positive and negative mo- 

T- . , ment. 

is negative. If we consider 

any section F of the cantilever fixed at the left end we 
see that the portion to the right of F tends to turn the 
portion to the left of F in a clockwise direction, conse- 
quently the portion to the right is turned counterclockwise 
by the portion to the left and the moment is also negative. In 
the beam supported at the ends the part between the left support 
and the load is evidently tending to turn th.e remainder of the 
team in a clockwise direction. Between th.e load and the right 
support the moment of the left reaction is positive w'^hile the 
moment of the load is negative, but with tke beam supported as 
shown in Fig. 70 the moment of the reaction is the greater, so 
that the resultant moment is positive. This is ^en to be the 



NEGATIVE POSITIVE NEGATIVE 
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case if the portion to the right of the section G is considered 
as the free body. The reaction at the right support turns this 
portion counterclockwise, consequently the moment of the 
left portion is clockwise and positive. 

The beam which overhangs the supports has negative moment 
from the left end to a point A, which is some distance to the right 
of the left support, and from the point B to the right end. 
Between A and B the moment is positive. 

From the bent beams of Fig. 72 it is seen that with negative 
moment the beam is convex upward and that the center of curva- 
ture is downward. With the posi- 
tive moment the beam is concave 
upward. The most convenient 
method of determining the sign of 
the moment in many cases is by 
means of the center of curvature. 
If the center of curvature is on the 
positive side (above the beam) the 
moment is positive; if the center of curvature is on the negative 
side of the beam the moment is negative. 

When a beam is not horizontal, as in Fig. 73, the X axis is 
taken parallel to the direction of its length and the Y axis at 
90 degrees therefrom in a counterclockwise direction. The 
moment is positive when the ordinate of the center of curvature 
is positive and vice versa. In Fig. 73 the moment is positive 
from A to B and negative from B to C, 

In formulas and equations, the bending moment is represented 
by M, 

Example 



Fig. 73. — Inclined beam. 


A uniform horizontal beam 10 feet long, weighing 24 pounds per foot, is 
supported at the ends and carries a load of 60 pounds 3 feet from the left 
end. Find the moment and shear at 2 feet from the left end and at 5 feet 
from the left end. 

The left reaction is 162 pounds and the right reaction is 138 pounds. 
At 2 feet from the left end the moment is that of the left reaction with an 
arm of 2 feet turning clockwise, and the weight of 2 feet of beam with a 
moment arm of 1 foot turning counterclockwise. 


Force 


Arm 


Moment 

162 

X 

2 

= 

324 

-48 

X 

1 

s=s 

-48 


V = 114 pounds 


Af ~ 276 foot-pounds. 
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At 5 feet from the left eodlj 


Forc^ in pounds 

Arm 
in feet 

Moments in foot-pounds 

162 

5.0 

810 

-120 

2.5 

-300 

- 60 

2.0 

- 1211 

-ISO 


- 420 


Vi = — Ls |x>iin«ls. - '^*H) foot-pounds. 


Problems 


1. A horizontal cantilever, weighing 40 pounds per footy is fixiMl at the 

right end and carries a load of 60 pounds 3 feet from the left end. Find the 
vertiml shear and the moment at 2 feet from the left end and at 4 f€*€*t from 
the left end. Arw. W, ~80 pounds; M., ~80 iTOt-pijimds; 

V 4 , -220 pounds; M4, ~3SO foot-pound??. 

2. A uniform horizontal beam, 15 feet long, weighing 24 pounds per foot, 
is supported at the right end and 3 feet from the left end. Find the total 
vertical shear and the moment at 2 feet from the left end and at 6 feet from 
the left end. Check the result at 6 feet from the left end by using the part 
to the right of the section as a free body. 

3. A beam of length I, supported at the ends, carries a load P at the 

Fmd the moment at the middle. Moment at the nnddle, ” 

4. A beam of length I, supported at the ends, carries a uniformly dis- 
tributed load of w p>unds per unit length. Find the moment at the mi 
and the shear at the middle. Compare results with handbook . ^ 

5. Find the moment at the fixed end of a cantilever of length I. due to & 
load P at the free end. Also find the moment due to a unifonn load IF. Find 
the shear in each case at the fixed end. 

Wl 

Am. Moments, —PI, ■— -.y-; shear, — 




■/I 
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6 . If an observer should pa^ from one side of a beam to the other (from 
front to imr), show that the sign of the shear as viewed from the new posi- 
tion wil revered but the sign of the moment will not be chan^d. 

53. Shear Diagrams. — It is convenient to represent the total 
shear at all actions of a beam by means of a shear diagraim. 
Fig- 74 is the shear diagram of a uniform horizontal team 12 
long weighing 20 pounds per foot, which is sup|K>rted at the ends. 
The end reactions are each 120 pounds. Begin with a action 
infinitely clc^ to the left support. The weight of the pjrtion 
of beam to the left of this section is negligible so that the shear 
is the left reaction of 120 pounds. Infinitely close to the right 
support the shear is the left reaction of 120 pounds 1^ the 
weight of practically all the beam, which is 240 pounds, so that 
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its value at this section is —120 pounds. At 1 foot from the 
left support the shear is 100 pounds; at 2 feet it is 80 pounds. If 
we construct the shear diagram we observe that the curve which 
connects these points is a straight line so that it is only necessary 




0 ' 3 ' 3 ' 


Fig. 74. — Shear diagram for distributed load. 

to calculate the shear at the ends and connect the corresponding 
points on the diagram by a straight line. This straight* line and 
the ordinates at the ends make the shear diagram. 


Go'^ Per Foot 




Fig. 75. — Concentrated and distributed loads. 

Fig. 75 is the shear diagram for a beam 10 feet long, supported 
at the ends with a uniform load due to its own weight of 60 
pounds per foot and a concentrated load of 200 pounds, 3 feet 
from the left end. By moments about the right support, we 
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find the left reaction, i?i, to be 440 pounds. By moments about 
the left support, we find to be 360 pounds. The sum of these 
reactions is equal to the total load, affording a check. 

Infinitely close to the left support the shear is 440 pounds. 
It drops 180 pounds in the first 3 feet and is 260 pounds infinitely 
close to the load of 200 pounds. In a negligible distance in pass- 
ing from the left side to the right side of the concentrated load it 
drops an additional 200 pounds, so that it becomes 60 pounds ( 
infinitely close to the load on the right side. Here the shear 
diagram is a vertical line. Beyond the concentrated load the 
shear drops at the rate of 60 pounds per foot for the remaining 7 
feet, which brings it to —360 pounds infinitely close to the right 
support. The reaction of 360 pounds raises it to the initial line. 
The shear diagram crosses the zero or initial line 1 foot to the 
right of the concentrated load, or 4 feet from the left support. 

Notice that the shear diagram in Fig. 75 drops vertically downward under 
the load of 200 pounds, and we speak of points as infinitely near the load 
on either side. This would mean that the load is applied along a mathe- 
matical line running across the beam. The actual surface of contact is a 
band of some width running across the beam, and the actual shear diagram 
is something like that represented by the dotted lines. 

It is often desirable to write the equation of the shear diagram 
in terms of the loads and reactions and the distance along the 
beam from some fixed point. In Fig. 74 the shear decreases 20 
pounds per foot and is 120 pounds at the left end. If x is the 
distance of any section from the left end taken as the origin the 
equation is 

7 = 120 - 20 a;. 

In Fig. 75 the shear decreases 60 pounds per foot 
tion for the first 3 feet is 

7 = 440 - 60 a;, 

and for the remainder of the beam 

7 = 440 - 200 - 60 a; = 240 - 60 a;. 

Problems 

1. A uniform horizontal beam 12 feet long, weighing 10 pounds per foot, 
is supported at the left end and 2 feet from the right end and carries a load 
of 15 pounds 2 feet from the left end. Construct the shear diagram, using 
as abscissas 1 inch equals 2 feet of length, and as ordinates 1 inch equals 
20 pounds shear. Write the equation of the three parts of this diagram with 
the left end as the origin. 


The equa- 
( 1 ) 
( 2 ) 
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%, Solve eqimtiofta (1) and (2} above for thc^ poiitioa of zero shear of 
Fig. 75. Whicli equation giv^ the correct result? What ia the meaning 
of the result of the other equation? 

S. Solve the «|iiatioE 3 of Problem 1 lor the pi:)sitiofi of zero shear. 

Shear diagrams are osoally made up of straight liaes. These 
lines are horizontal from one load to the other when the loads 
are concentrated and the weight of the Ix^am is neglected- With 
uniformly distributed loads, the lines slope downward from left 
to right. (With distributed loads pushing up, as in the bottom 
of a boat due to the water pressure, the lines slope upwwd.) 
Where loads are distributed not uniformlj, as in the ca^ of the 
w’ater pressure on a vertical dam, the shear diagram is curved. 

The student should become sufBcieotly familiar with the 
simpler shear diagrams to be able to recognize the character of 
the loading at a glance. 




FiG. 76. — Shear diagraiim. 


Problem 

4. Docribe the loading and the eharaeter of ispport which gives each of 
the shear diagrams of ilg. 76. 

54. Moment Diagrams.- -Moment di^ams are constructed 
in the same way m shear diap^ms, using externa! moment as 
ordiaatei. In this -book we shall draw positive moment upward, 
ttough many engineers prefer the oppc«ite. 

Sh^r diagrams are eaaly constructed, m they miMly consist 
of straight Kn^ Moment diagrams are curved, except when 
the Icmding is made of concentrated loa& only. 


Chap. VI] 


BEAMS 


97 


Fig. 77 shows the shear and moment diagram for a beam sup- 
ported at the ends and carrying a load P at the middle. The 

p 

weight of the beam is neglected. The end reactions are 2 . The 

Px 

moment at any section at a distance x from the left end is 

provided x is not greater than one-half of the length. Under the 
PI 

load the moment is The moment diagram for the left half 

of the beam is a straight line through the points (0, 0) . 

Beyond the load, the moment is due to the reaction at the left 



support turning clockwise minus that due to the load at the 
middle. At a distance x from the left end, when x is greater than 
I 

2' 

Moment = _ - " T = 2 ^^ “ 

This is also a straight line. Notice that the last of the three 
expressions for moment is the one which we get directly, if we 
use the portion to the right of the section as a free body. The 
p 

right reaction is 2 and the moment arm is I — x. The sign is 
opposite, as it should be. 

Fig. 78 gives the shear and moment diagrams for a beam sup- 
ported at the ends, with a uniformly distributed load. The 
moment diagram is a parabola with the vertex at the top. 
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ProMems 


I. With the data of Fig. 7S, find the equation of tie moment curve. 

1. Flnci the equation of the moment ciin'e of a beam sup|K>rted at the 
ends, with a uniformly distributed load of w pounds per unit length. 


.4r«. Jj ~ — — 


(I - x). 


3. A beam 12 feet long, supported at the ends, carries a concentrated Icmd 
of 15^ iK>unds 4 feet from the left end. Neglecting the weight of the beam, 
w)iistmct the shear and moment diagrams to the scale of 1 inch horizontal 
equals 2 feet of length, and 1 inch vertical equals 100 pounds shear and 1CX3 
foot-pounds moment. Arrange the diagrams and the sketch of the beam 
as in Figs. 77 and 78. 

4 . A beam 12 feet long, weighing 20 pounds per foot, is supported at the 
left end and 2 feet from the right end and cariri«i a load of lOO pounds 2 
feet from the left end and a load of 8D pounds at the right end. Construct 
the shear and moment diagmms, using the scale of Problem 3. 
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Fig. 79 shows the of Problem 4. Under the load of 

ICD jmunds the shear drofs from 120 pounds to 20 fwutifk. ami 
there is an abrupt change in curvature in the moment ciiagrmrii. 
kho at the right support the shear diagram ris^ vertlcallj ami 
the moment curve again change. The shear diagrani 
the X axis at 3 feet from the left end, at which point the 
is a maximum, and again at the right support, where the morn^mi 
is a miniinum. 

i. Write the equation of the moment curve of Problem 4 in terms of the 
distance from the left end. 

f 3/ « 160 X — 10 x\ from 0 to 2 feet. 

Am, i 3/ * 60 X -f 200 - 10 x®, from 2 feet to lO feet. 

[ Jf = 320 r — 2,400 — lOx^ from 10 feet to 12 fm. 

i. Find the moment at 2 feel from the left end by both the first rqiiati'Oa 
and see ond equation of Problem 5, and find the moment at the right suppjrt 
by the »«>nd filiation and third equation. 

7. Solve the «coiid equation of Problem 5 for the position when^ the 
moment is lero. There are two a}lutions of the algebraic equation. Which 
one should be taken? Why? 

8* Apply the mathematical condition of maximum and minimum to i.he 
second equation of Problem 5 to find the position of maximum momeiat, 

/fiS* The General Moment Equation. — In the examples which 
have teen given, the origin of coordinates has been taken at 
the left end of the team. But it is often desirable to be able 


q 




P. P, 

5±i 


w Pbwtds JPpr Unit iJ^igth 


r- 


o 

Fig. 80. — General ease of loading. 


to write the moment equation with any point as the ©rigiii. 
Fig- SO represents a beam of indefinite extent with the origin 
of coordinates on a vertical line through 0. To the right of the 
oripn, at distance Oi, as, etc., there are concentrated loads Pu 
Pj, etc- There is also a uniformly distributed load of w per unit 
length- There may be any number of vertical loads and iiKte- 
tiom to the left o f the origin, but all the vertical loads mi±y 
replaced by their i^ultant Q at some definite distance h fron* 
the origia, and all the verticaLi^^tions by a single reaction R 
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at a distance c from the origin. Writing the moment with 
respect to a section at a distance x from the origin, 

M = R{c x) — Q{b + x) —Pi(x — ai) — 

P2(x-a2)-^> (1) 

M = Rc ~ Qb + (R — Q)x — Pi (x — ai) — 

( 2 ) 

Rc — Qb is the moment at the origin, which we will represent 
by Mof and R — Q is the shear at the origin, which we will 
represent by 7o. 

M = M,+ Va - Piix a,) - P^{x - a^) - (Z) 

ikf = iWo + FoX - 2P (x - a) - Formula IX. 

where 2P {x a) represents the sum of the moments of all the 
concentrated loads between the origin and the section considered. 

Example 

A cantilever of length I (Fig. 81) and weight w per unit length, is fixed 
at the left end. Find the moment at a distance x from the fixed end by 
means of the general moment equation. 



Fig. 81. — Cantilever fixed at left end. 


At the origin, by taking the entire beam as a free body it is found 

Fo = wl-, 

nr . 7 w; ,7 . , 

M ^ • 

As a check, consider the portion of length I — x and weight ti) (i — «) t<v 
the right of the section as the free body. 

Problems 

1. A cantilever of length I and weight w per unit length, is fixed at the 
left end and carries a load P at a distance a from the fixed end. By the 


Chaf, ¥11 


BEAMS 
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general laomeat eqiimtiao write the expi^Mon for the nioment for the ^rt 
between the BxM end and the mneentrated Icmd and also for the |mxt 
the Imd md the free end. 

2- A t^am of length I + am supported at a distance a from ttie left mmi 
and at right end and «rri« a load wi per nmt length from the left end to tht 
irat «apix>ft and a l«id unit length between the supports. With tli# 

oripn of a>dniiiiat« ininitely close to the left support, write the 
equation for the part of the beam between the supports. 

y'' 5S. RelatiiHi <rf Moment and Shear. — Differentiate tke geai^rml 

moment equation with respect to x. 

M = M, + Ya - Pi (x- ai) - Pnix - a,) - 

^ = V. - Pi-Pi- wx. !2) 


The right memter of (2) is recognized as the shear at a distance 


X from the origin. 



Formula X.| 


The dmVofire^ wMh reaped to ike length, of the mo-meM equaimn ] 
of a beam gims the ehear in the beam. 

From Fig. 79 it is seen that at a concentrated load or at i 
support there is an abrupt change in the slope of the raocient 
curve. At the concentrated load, Fig. 79, the shear chajig« 
from 120 pounds to W pounds and there is an equivalent relative 
change in the slope of the tangent to the moment curve. 
sh^x at this point may be said to have any value between 
pounds and W pounds. The derivative of the moment is not 
and Formula X does not hold. It dc^ hold, 
however, infinitely elc^ to this point on either side. 

In r^Mty, no load can be concentrated at a point or on a ii» 
T ii.firi.in.g acit^ the beam. A ^>-called concentrated load is 
distribute over an area, and if we knew the distribution we could 
the shmr at any point with a single value and Foimola 
X would be foimd valid at all points. 


Siii« 

dM 
^ =ib' 

JVdx JdM ; 

J Ydx = ^ — Ml. Formula XI. 


^ bd^i^ik.an^ two^^^ qf x differw’fm 
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In Fig. 82 it is seen that Vdx is an element of area between the 
X axis and the shear diagram. The integral of Vdx betw^n the 
limits Xi and Xi represents the area bounds! by the shear diagram ^ 
|he X axis, and the ordinates at Xi and The area of the sFwar 
Uk^mm between two points is the difference between the moments 
fal these points. IVTiere the shear is negative so that the area is 
"below the X axis the area is regarded as negative. At the ends 
of a bmm, if all the loads and reactions are perpendicular to the 
length of the beam, the moment is zero; so that the entire area 



Fig. 82. — Relation of area of shear diagram to moment. 


I of the shear diagram from the end of the beam to any given point 
Igiv^ the moment at that point. 

In Fig. 79 the moment at 2 from the left end is the area of 

the trapezoid OBCF which is, X 2 = 2^ f(X)t- 

pounds. At 3 f^t from the left end it is the moment at 2 feet 
plus the area of the triangle of 1 foot ba^ and altitude W units; 
so that the moment here is 10 foot-pounds more than at 2 feet. 
At 4 feet the ar^ of the triangle below tte X axis is subtracted 

from foot-pounds. 

ProMems 

1. A mntilever of length i is fe«i at the right end and camM a kmd P 
at the Ml end. Caletikte the moment at the right end by inmiis of the 
shmr dlas»m. 

1. A ontilever of length I m fixed at ri^t end and cayrries a h»d, of 
w per unit fcmgth, imiformly distributed. FumI iQ.«s€ait at Hm 
by mM&s the arm of the shcmr diA grmfn.. 
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3. A beam of length 1 is supported at the ends and carries a l.ia.! P u jh.. 
middle. Find the moment at one-fourth the length from the left end. \ 
also at three-fourths the length from the left end by means of the shear 

diagram. 

4. la Fig. 7d, kiiowiag the moment at 3 feet to be 2^ tin 4 

the moment at 5 fi^tj 7 feet, 10 feet and 12 feet by means of the area, tht 
shear diagram. 

5. la Fig. S2 write the expre^ion for the moment at a distance from the 
left end, when? z' is greater than a, and show what areas on the Egure n* pre- 
sent the terms of the result. 

4. A hofizontal cantilever, fixed at the right end, carries a load wh^cli. ;a- 
creases unifoimly from left to the right and is u pounds per uait Wngtii 

at unit distaiis?e from the left end. Show that the shear is — — and the 

moment a — at a distance x from the free end. 
o 

57* The Dangerous Section. — section in a beam wbere tke 
moment has a maxim uni numerical value is called a dangeroui 
section. Tbe mathematical condition for a iiiaximuiii or mini- 
mum value of M m that the derivative with respect to the length 

d\I 

shall be zero. But since is the shear, this means that there « 

a dangerous section at every point where the shear l>eeoiiies zero. 
In Fig. 79 the shear diagram crosses the X axis at 3 feet from the 
left end. This is one dangerous section. 

The shear may pass through zero when the moment equation 
do^ not fulfil! the mathematical condition that the slope of the 
tangent to the curve is zero. At the right support in. Fig. 79, 
the slope of the moment eurv^e changes abruptly from negative 
to positive. This is a dangerous section as may be seen from the 
fact that we now add a positive shear area to the negative mo- 
ment m that the mome.nt begins to decrease numerically. 

IFAeti the hading of a beam is given, always find the dmigerom 
seiimm by means of a sketch of the shear diagram. If the danger- 
ous sect. ion does not come at a support or under a eoneentral^ 
bead, its exact position may be found algebraically. 

Problems 

1. A team 10 feet long, supported at the ends, carries a distiibut«^-i Lmd 
of 40 fwiinds per fi»t, and a load of 120 pounds 4 feet from the left supp’^ft 
Mnd the reactions, construct a sketch of the shear diagram, with the 
rf the shear at the important points, as in Fig. 79, and find the dang* 
i»ction. Find the momeat at the dangerous section by mean# of the an*a 
irf the shmr diapMi. 

Am. Maximum moment, focit-|>junds. 
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S. la 1 fimd the moment of the middle by rnmns of tbc arm of 

tbe sbmr diagram to the right of the middle. 

S. A beam 12 feet long supported at the eads, mmM a l<md of m pounds 
per foot and a load of 1*^ pounds 3 feet from the left end- Find the moment 

at the (dasgeitms section by mmns of the 
reactions and iM^ds. l^ith this moment 
kaowiiy find the moment under the con- 
eentmted load and at tl^ middle by m^s 
of the shear diagram. 

4 . A beam is supports at the ends and 
carries a load P at one-third the length 
from the left end and an CQual lewd at one- 
third the length from the right end. Draw 
the shear and moment dmgrams, n^lecting 
the weight of the beam. 

Fig. 83 shows the moment and 
Bbe^r diagrams for a cantilever. If 
there are no horizontal forces, the 
area of the shear diagram inside the 
wall must equal the area outside. 
The form of the diagram inside the 
wall is not known. If all the down- 
ward forces were concentrated at B, 
and all the upward for<^ at A, the 
shear diagram would be the figure 
CDEF, Since the pre^ures are dis- 
tributed, the shear diagram is that 
shown by the dotted lin^, and the 
dangerous section is at C', a little back of the face of the wall. 

The actual moment diagram inside the wall is something like 
that shown by the dottol lin^. 



Fig. 83.— "Cantilever fixed 
at left end. 
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STRESSES IN BEAMS 

M. Distributioii of Stress. — ^At any section of a l^nt hmm, 
there is tension across one part of the section and compi^gsioia 
acit^ the otheFy and there is usually shear parallel to the section. 
The method of inding the total vertical shear has been ^ven m 
Chapter YL There remains the problem of finding the tension 
and eompi^ioii and the unit tensile and compre^ive 

If the external fore^ have no components parallel to the length 
of the beam, the r^ultant compressive stress across any s^tion 
is equal to the resultant tensile stress, and these two forces form 
a couple, the moment of which is equal to the product of either 
force multiplied by the distance between them. This moment m 
equal and opp<Bite to the bending moment. 

To calculate th^ fore^- (H and C of Figs. 64 to 69) it is only 
nec^sary to know the bending moment and the distance between 
the forc«. This distance is easily measured in Figs. 64 and 66. 
In Fig. 67 the compr^ive stress is distributed over the smaU 
block, and its law of distribution must be known in order to 
liKmte its r^ultant. In Fig. 69, the tensile str^ is distributed 
over the entire upper portion and the compressive str^m over 
the entire lower portion, so that the law of distributioia of both 
must known in order to find the moment arm. 

In a bent b^m, the fibers on the convex side are elon^ted 
and tho« on the concave side shortened. Between tliaee t.lieire 
is a surface in which the fibers suffer no deformation in the direc- 
tion of the length. TMs surface is called the neutrcd msrfmm of 
the beam. The mter^tion of the neutral surface with any 
transverse ^tion of the l^am is the neutrcd aads of that section. 

It is customary to a®ume that the unit stress at any action 
varies directly m the distance from the neutral axis. The 
for this sumption and the conditions under which it is vaEd, wil 
te given in Article 63. Fig. 84 represents grapMcmHy the 
ti€» oi unit str^ m a beam, the upper jmrt of which is in 

105 
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Fig. 84, 1, shows the forces from left to right and also the forces 
from right to left. Fig. 84, II, shows only the forces with which the 
portion of the beam to the right of the section acts on the portion 
to the left. It will be noticed that both sets of forces tend to 
turn the left portion clockwise about the neutral axis at 0. 
Fig, 84, III, shows a convenient method of drawing the 
diagram to show the magnitude of the unit stress at any 
distance from the neutral axis. 

Since the unit stress varies as the distance from the neutral 
axis, it may be represented by two wedges cut from the beam by 
two planes which pass through the neutral axis. One of these 
planes should be normal to the length of the beam, and, therefore. 


F 



represent the section considered, and the other may make any 
convenient angle. Fig. 84, III, may be considered as represent- 
I ing two such planes. The volume of each wedge may be regarded 
as giving the total stress across its corresponding , part o f the 
I section, and the distance between the center oLgravity of the 
J two wedges, measured parallel to the section, gives the moment 
I arm>.pf these total str esses. 

69. Fiber Stress in a Beam of Rectangular Section. — ^Fig. 85 
shows the wedges representing the stress distribution of a rec- 
tangular beam section of breadth h and depth d. Since the total 
tension H is equal to the total compression C, and since the 
breadth and slope of the wedges is the same, the height must be 

equal and the neutral axis BB is at a distance “ from the top or 

bottom. If S is the unit tensile stress in the top fibers of the 
beam, the total tension in the upper half is given by 
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1 he mnter &! gnirityoi n triangle, and consequently of a reel- 
giilar m^etlge, is tsro-thinls the height from the vertex, so that 

the ilistanee frctiii H lo the neutral axis is - X f 

o 2 3 

In like znanner the resultant compression C is the same dLst •iut'e 

below the neutral axis, and the total moment arm is p d 

3 



Fio. S5. — Soli-ds representing stress in a rectangular beam. 

f Resisting moment = ^x~ = Formula XII. . 


Example 

A 4^eh by 6-ineh cantiiever carries a load of 240 pounds on the frt* end. 
Find the unit str^ in the top and bottom fibers at a section 5 fe«t from the 

free end. 

^ Horliontal dimemmm are given firsts A 4-incIi by d-incb beam m 4 
mciiea wi^e and 6 laches deep. Since unit str^ses are required in pound* per 
aquMre mch the moment must be in ineh-pounds. 


6 X 14,4C» 

“ S# * 4 X ^ ^ pounds per ®|Tiare inek. 

iProMems 

1. A a-inch by 10-iacb beam, 15 feet long, is supported at the ends and 
aames a lo«id of 120 pounds per foot, uniformly distributed. Find the 
maximum unit fiber strm. Aim. 405 pounds per aquare mch. 
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2. In Problem 1 what is the total tension in the lower half of the beam at 

the dangerous section? 6,075 pounds. 

3. An 8-inch by 12-inch beam 20 feet long, is supported at the ends and 

carries a load of 160 pounds per foot, uniformly distributed, and a load of 
1,280 pounds 5 feet from the left support. Find the maximum fiber stress 
at the dangerous section, using the portion to the right of the section as the 
free body. 720 pounds per square inch. 

4. Solve Problem 3 if the load of 1,280 pounds is put 7 feet from the left 
support. 

Look up in handbook the working stresses for timber recommended by 
the American Railway Engineering Association, and state whether Norway 
pine may be used for this beam. 

60. Fiber Stress in a Beam of any Section. — The methods of 
Article 59 are not convenient to apply to sections other than 

rectangles. There is a gen- 
eral method which applies 
to sections of any form, in 
which the principal terms 
involve the center of gravity 
and moment of inertia of 
plane figures. As these are 
given in handbooks, a great 
saving in labor is gained. 

Fig. 86 may be regarded as representing a section of any form. 
BB' is the neutral axis. An element of area dA is at a distance 
V from the neutral axis. (The letter v will be used to represent 
distance from the neutral axis in a section, and y will be reserved 
to represent deflection of the axis from its original position.) 
The area dA may be infinitesimal in two dimensions or it may 
extend entirely across the section parallel to the neutral axis as 
shown by the dotted lines. 

Since the unit stress varies as v it may be represented by kv 
where i; is a constant. 

On an element of area dA, 

Total stress = kvdA, (1) 

The moment of this stress on dA about the neutral axis, 

dM = kv^dA. (2) 

■ Since is positive when v is positive or negative, the sign of 
increment of moment is the same whether the element is above 
or below the neutral axis. 



( 3 ) 
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where 7 is the moment of inertia of tlie section witli respect to the 
neutral axis. Since 

5 = kvy 

which substituted in (3) gives 

M « 


k * 
hI 

V 


(4) 


Formula XI I L 


Formula XIII gives the unit stress at any distance from the 
neutral axis. The most important stress is the stress in the extreme 
outer fibers where z? is a maximum and the unit stress is the 
greatest. If this maximum unit stress bo represented by k 
and the distance to the outer fiber from the neutral axis be repre- 
sented by c, the formula becomes 

AT ^ 


This formula is so important that it is desirable to nmmorize it 
also in the form / 

s = \/ Formula XIV. 

' 61. Location of the Neutral Axis.— Tlie values of 7 and c in 
Formula XIII depend upon the location of the neutral axis. Thia 
is found from the condition that the total tonnih^ Htress across the 
part of the section on one side of the neutral axis is o(iual to the | 
total compressive stress across the part of the section on the other 
side of the axis. On an element dA, 

total stress “= kxulA. (1) 

Total stress on entins section « vdA »» 0. (2) 

The constant k is not zero when the beam is bent, consequently 
j' vdA must be zero. 

The center of gravity of a plane area is given by 

vdA . 

I”-; w 


Since A is not zero 


fvdA 


vA = I vdA » 0. (4) 

« 0. (5) 

The n eutral axis of a beam of any secMon pamea through the mntw 
of gravity of the section. 


T c . // 


/KhV f .1^^- '7 
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62 . Secdra Modulus. — The expr^ioa where c is the dis- 
tance from the neutral axis to the extreme outer iber, is called 
the section modulm, or modulm of the mdion. Formula XIV 
become 

bending moment 


S = unit stress in extreme fibers = 


section modulus 


The values of the section moduli of rolled shap« are given in the 
handbooks of the steel companies. They are also given for the 
principal geometric sections (see ‘^Elements of Actions in 
Carnegie, and ^"Properties of Various Actions '' in Cambria). 
In Carnegie, the section modulus is repr^nt«i by S, 


hd^ u 

In a rectangular section, I = c = 


tion modulus of a rectangular section is 

substituted in Formula XIII it gives 

SM^ 

M = -^- 


bd^ 


When this is 


Formula XII. 


Problems 

1 . From the handbook End the section modulus of a 12-incli SS-pound 1- 
beam for the axis perpendicular to the web. Check the igure by diricliiig 
the moment of inertia given in the table by the distance from the neutral 
axis to the extreme fiber. 

2. Look up the moment of inertia and the loration of the «iit«r «rf gimirity 
for a 64nch by 6-iiich by l-inch angle action. From th«e mlmhM the 
section modulus and compare with the table. 

3. Solve Problem 2 for a remicircular area with the eeutiml ax» |»raIM to 

the diameter which bounds it. 

4 . A 15-inch 42-pound I-beam, 25 feet long, Is support^ at the ends aad 
carries a load of 600 pounds per foot. Find the majamum lading st,r^ 
at the dangerous section due to tMs load. 

Aim. pounds l»r iqiiare inch. 

5 . Select an I-beam for a span of ^ feet to «rry a distributed load, 
including its own weight, of 1,800 |K>iiiids f»r foot with * maximuiri unit 
stress of ISjCXK) pounds per »juare inch. 

Am, M — 202,500 foot-pounds == 2,430,W}0 meh-poimds, action mo- 
dulus = 162inchesA 

,:U» a 24-inch 80-pound I-beam having a action maiuliis of 173.9 inches*. 

6. Find the I-beam for a span of ^ feet to carry a load of 7,^1 pounds 4 
from one end and a uniform load, including its own weight, of 9IM} pounds 

per foot, with a maximum fiber str^ at the dangerous Kctioa of 15,0W 
poiinds per K|uare inch. Cheek moments at daageroiia action by taktag 
each end sefmmtely as the fiw bexiy. 154ncli, 42-{M>iind 
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T. Find the total safe load, unifonnly distributed, on a frdnch by l<b4a,h 
■^'liite-oak beam 15 feet long, supported at the ends, using tbe allowable unit 
stress recommended bj’ the American Railway Engineering Associat I’OfI 
handbook). 

8 . ^Tiat should be the depth of a beam of Douglas fir, S inches wide, for a 
span of 15 feet, to cany a load of 660 pounds per foot including itj tmn 

weight? 

§. I^termine the moment of iaertia of a circular section of radius % and 

. wa^ 

ihow that the ^^ction modulus is 

10. %Th^i is the section modulus of a S-ineh square with the diagonal w, 

tical? Horn” do«e5 it compare with the section modulus of the same m%:\ p ^ 
with oae side vertical? Ans. Section mcMlulus, 25.4o; ratio, 1 : \ 2 

11. A a^mare action with diagonal vertical has its seetioa isicMliiliis in- 
creased hy chamfering the top and bottom comers. hat Buiist l>e the 
dimensions of the triangu.lar actions cut awa}', in terms of the side of the 
K|iiare, to make the «^€tion modulus a maximum? 

Ans, One-ninth of the side- 

63. Relation of Stress to Deformation. — Fig. 87 represeEts a 
bent l:)eam with the concave side upward (the amount of lieiiding 



M 



Fig. S7. — Befonmatioii of a bent beam. 


Is exa^erated). EPG m a plane section with neutral a.x|j BE'. 
The dotted K'M% Jf'iV' indicate the position, before the 
beam wm l^t, of a plane ^tion parallel to EFXj at a dlsiaiic*e 
M tterefrom. Consider the section EFU as fixwi and the parts 
the on lM>th sides of it bent upward. The plane K'M'S* 
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is rotated about its neutral axis CC' through an angle Ad. (There 
is also a slight shift upward, but this does not affect the problem.) 
Since there is no elongation in the neutral surface, the distance 
between the neutral axes BB' and CC', measured along the curved 
surface, remains unchanged. 

It is assumed that a plane section in a beam remains plane 
when the beam is bent, so that the section becomes the plane 
KMN. A filament of cross-section dA extends from the plane 
EFG to the plane KMN, at a distance v from the neutral surface. 
When the beam is bent, and the plane KMN is turned through 
the angle A^, this filament is shortened an amount vAB. A similar 
filament below the neutral surface will be elongated vAB. The 
unit deformation of the filament is given by 


Under the condition that the deformations are such that no 
stress exceeds the proportional elastic limit, the unit stress varies 
as the unit deformation, and since the unit deformation varies as 
Vj the unit stress varies as the distance from the neutral axis, as 
was assumed in Article 58. 

Since unit stress is equal to E8, the unit stress above the neutral 


surface is given by 


A.e 

s. = 

(2) 

Below the neutral surface 


a, = E0-^- 

(3) 


In most cases it is assumed (and is practically true), that the 
modulus of elasticity is the same in both compression and ten- 
sion, With this assumption, 

■Jj s. II (4) 

j is the expression for the unit stress in the beam, at any element 
of area. 

On an element of area, 

AB 

Total stress on dA= Ev-^dA. (5) 

The moment of this stress with respect to the neutral axis BB' 
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is the product of the total stress on dA by the moment am t; 
monjent of stre^ about a-xis, 


dM = Ev-^dA =E^v^A- 

The total moment of all the filaments which make up t he Imtmi 
is the integral of dM over the section EFG. Integrating over 

this area, remains constant and 


M = E 


M 

Al 


f As 


t^dA 




where Ci, Cf are the distance of the lower and upper surfa^c« of 
the b^m from the neutral surface, I is the moment of inertia of 
the crc^-^ction EFG or KMN' with respect to its neutral axis, 
and A# m the change in slope of the normal to the beam, or tl^ 
change in slope of the tangent to the beam, in the length Al. 


Problems 

I.* A 64is€!i by 2Anth. beam is bent so that two transveree sectioa^ wkich 
were origiimllj parallel and 20 inches apart, now make an angle of 1 d.egree 
with meh other. If the moment throughout the 20-mch length i:s ctinstaat 
and E k 1,356,000, find the moment. 

An#. M — 1,500 X == 4,712.4 mcli-p«iiidLf. 

2* la PrcAfcm 1 find the strms in the outer fibers by Formula. XIV aad 
check by equation (4). 

3. Thwwgh what angle a steel rod H inch thick be be.nt in a krigth 
M 1 foot, if the maximuin fiber str^ do^ noi exceed 15,000 pounds* |,w*f 
m^mm mehT 

To^ some idea of the magnitude of the qimntiti^ iavolved, 
consider Fig. This represents a beam 6 inches wide, 8 iiich« 
deep, and about 7 feet long, supported at two points alM)iit &) 
inches apart. An exten»>meter (not shown) is attached at two 
points, F and Jf , 40 inch^ apart and 1 mch below the top of the 
b^m. A «coiid extensometer is attached at G and i inch 
from the bottom. Two loads of 4,000 pounds each are applW 
IS inchCT from the supports. If the beam is made of timber, 
the defiection at the middle is about 0.08 inch. (This defleet ion 
is too smal to show in the drawing unle^ the scale is exag- 
grated.) The upper extensometer shows a shortening of about 
§«dl^ Hich 'in the original length of 40 ioch^, and the lom'er ex- 
te^^meter shows an equal elongation- If the tension and ecifii- 
p^KM» are mmilj equal, the neutral surface is midw^ay between 

i 
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the exteii.^meters. If the readings are unequal, the location of 
the neutral surface ma}' be found from the similar triangles, such 
as MCM\ NCN' (Fig. 87), with MM' and NN' known from the 
extensometer reading, and the distance between the instruments 
equal to AIN. In case the readings are each 0.0180 inch, show- 
ing that the neutral axis is at the middle of the section, 4 inches 
from the top, the compr^ion in the top filers is four-thirds as 
great as at Af. The compression at 1 inch from the neutral 
surface is O.OCBO inch; and at a distance v it is 0.0060 v. The 
unit deformation at a distance v from the neutral axis is 0.(K)015 r. 

It will be noticed that measurements are taken along the chord 
instead of along the arc, so that the readings are in error the 
amount of this difference. It may be shown, however, that the 
error is beyond the limits of the extensometer readings, and, there- 
fore, makes no difference in the result. 

Problems 

4. A beam is tested as shown in Fig. 88. The points F and M are 40 
inches apart and 6 inches above the similar points G and A'. The compr^ 
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Fig. SS, — Arrangement for measuring linear deformation of a beam. 

Sion reading on the upper instrument is 0.0198 inch, and the extension on the 
lower instrument is the same. What is the unit stress 4 inches above and 4 
inches below the neutral surface, if E equals 1,500, 0(X) pounds per square 
inch? Am. 990 pounds per ^uare inch. 

5. In Problem 4, what is the unit stress at a distance unity and at a dis- 
tance V from the neutral surface? 

6. In an experiment similar to Problem 1 the upper extensometer shows a 

shortening of 0.0180 inch, and the lower extensometer an elongation of 
0.02^ inch. The beam is 10 inches deep and the exten^meters are 1 inch 
below the top and 1 inch above the bottom, respectively. How far is the 
neutral axis from the top of the beam? Ana. 4.6 inch^. 

64. Graphic Representation of Stress Distribution. — The unit 
str^ in a beam, provided it do^ not exceed the proportional 
dastic limit, vari^ as the distance from the neutral axis. It may 
be reprinted by the straight line GE^ Fig. 89, 1. This straight 
line is r^Hy a part of the str^-strain diagram for the material 
in both tension and compression, with the vertical line DF as the 
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X axis. If the unit stre^ is carried beyond the elastic limit, it 
may be represented by the line KG^E^h, which is also a stress- 
strain diagram with one scale changed. 

In a beam of rectangular section, the total stress on any area 
dJ., extending across the section, is proportional to the unit 
stress. The shaded area of Fig. 89, I, may represent the total 
stress in a rectangular section as well as the unit stress in a 
tion of any form. It is often convenient to represent total stress 
in a rectangular section by a figure similar to the shaded area in 
Fig. 89, II. This is really the same as Fig. 89, I, with oblique 



axes. The line EF represents the breadth oi the section and 
the total stress in the extreme outer fibers. It is evident, from 
the similar triangles, that the total stress on the area dA, extend- 
ing across the section at a distance v from the neutral axis, will 
be to the total stress at the top, as the length MN is to the length 
EF. The actual stress over the entire section is equal to a uni- 
form stress of intensity equivalent to that in the outer filers over 
the shaded area. If the crc^s-section is drawn to full scale, the 
area of the shaded triangle OEF gives the total stress above the 
neutral surface w^hen the maximum stre^ is 1 pound per square 
inch, Likewfae, the area OGD gives the total stre^ below" the 
neutral surface. These triangular areas are equal in magnitude 
and opposite in sign, making the sum of the total stress zero. 

The shaded triangles of Fig. 89, II, may be regarded as solds 
of uniform thickn^^. Fig. 90, I, represents the distribution of 
str^ in the same rectangular section by the method used in 
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Article 59 j but with both tension and compression on one side 
of the vertical plane w’hich represents the section of the beam. 
It will be noticed that in Fig. 90, 11, the width of the wedge varies 



Fig. 90. — ^Stress distribution solids for a rectangular section. 

as the distance from the neutral axis while the thickness, S, is 
constant ; while in Fig. 90, I, the width is constant and equal to 
that of the section while the thickness varies as the distance from 


J K 



neutral AXIS 


Fig. 91.“Stre^ distiibution 
in an I-beam. 


C F 



Fig. 92. — Distribiition in a 
T-^ction. 


the neutral axis. From either figure the volume of one wedge is 
and its center of gravity, which is the location of the r^ultant 

d 

forc^ in that half of the section, is ^ from the neutral axis. The 
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moment of each wetige about the neutral axis is and that of 

the two wedges representing tension and compression in a p r r-ti,- 

Sbd" 

is Fig. I, shows the actual distribution of stress in a 

section. It may be called the siress-disiribution solid. The shaded 
area of Fig. 11^ represents a portion of the area of a seetiori on 
whichj if a uniform stress be applied equal to the unit stress in the 
outer fibere, the total stre^ and the moment with respect to the 
neutral axis will be the same as that of the actual distribution 
This is called the siress-distrihufion diagram, or modulus figure * 

Fig. 91 is the str^-distribution diagram for an I-beam 
tion. For the rectangular part of the flange this diagram m 
drawn like Fig. 89. For a small area dA in the web, the length 
of cl.4 is projected to the top of the section. The ends of the 
projection are the points J and K. Straight lines are drawn 
from 0 to J and K respectively. The part of dA between thes^ 
lines represents the total str^. 

To get the stress on the triangular portion of the flange, con- 
sider the portion ST drawn (for convenience) in the lower flange. 
Project iS and T on the lower line and connect the center O with 
the points thus found by means of the dotted lines. The portion 
S'T' between these lines measures the total stress. A number 
of these lin^ will give the curved area required. 

Fig. 92 is the stress distribution in a T-shaped section. The 
lower portion is constructed like Fig. 89. The outer fibers at 
the top are nearer the neutral axis than those at the lK>ttom. 


Instead of projecting on the upper line of the section, we project 
on a line CF whose distance from the neutral axis is the same as 
the lower fibem. The total stress in this diagram is exprra^d 
in terms of the unit str^ in the bottom fibers. We might ex- 
pre^ the total str^s in terms of the unit str^ in the top fibers. 
In that the lower part of the diagram would extend beyond 
the action to the right and left. 

ProWems 

1. In s T-Bection am i l a r to Mg. 92 the flange is 6 inches wide, the total 
depth is 5 Inches and both jSange and stem are 1 inch thick. Fiad the aeu- 
tral axis and construct the distribution diagram in terms of thes unit 
in the ertreme fibers, also in terms of the unit str^s at the top of the flange. 
Gonoomak*' s “ Mwham<^ Applied to Engineering,^’ this nmme, »Bci 

the %iire5 for a gr^t variefty of sections. 
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2. Coostruet tlie distribution diagram for 6-iiicli by 4-iiich by l-incb 
angle section, using neutral axis parallel to shorter leg. 

65. Stress Beyond the Elastic Limit. — In Fig. 93 the shaded 
ai^ shows the distribution of stress in a rectangular section, 
when the stress is considerably beyond the elastic limit. The 
actual stre^ in the outer fibers is less than it would be if the 
modulus w^ere constant in the ratio of the lengths CH : CF. The 
moment of resistance is also less. 

Fig. 94 represents the stress distribution when the elastic limit 
is exceeded as compared with a beam of constant modulus having 
the same resisting mornent. The moment of the curved area 
OMKHC must equal the moment of the triangular area OFC. 
From the center of the section to the point K the curve lies outside 
of the straight line. Beyond X it is inside. The unit stress in the 




Fig. 93. — Stress distribu- Fig. 94. — Actual and calculated 

tion diagram beyond the unit stress, 

elastic limit. 

fibers near the neutral surface is greater than if the modulus were 
constant ; and the unit stress in the outer fibers is less. The moment 
of the dotted area OMK (or the shaded area ONL) is equal to that 
of the area KFH or LGE. 

6S. Modulus of Rupture —When a beam is broken by bending, 
the str^s-distribution diagram for a rectangular section, OMKH 
(Fig. 94), is similar to the complete tension or compression curve of 
the material. The actual unit stress in the outer fibers is less than 
that obtained from the equation 

S = Formula XIV. 

in the ratio of CH : CF (Fig. .94). The ccdctdcded value of the 
in the outer fibers computed from Formula XIV is called 
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the modulm of rupture ^ or the transverse ultimate strength of the 
material. It is also called the extreme fiber stress in bending. 

Another factor which makes the calculated modulus of ruptum 
different from the actual unit str^, is the shifting of the neutral 
axis. In sections which are not S 3 Tiimetrical with respect to the 
axis, the remote fibers on one side reach the elastic limit before 
those on the other. Fig. 95 represents a T-section. Fig. 95, II, 
shows part of the stress-strain diagram for both tension and 
compression. Fig. 95, III, shows the distribution of stress for a 
small deformation which produces no stress beyond the propor- 
tional elastic limit. The neutral axis passes through the center 
of gravity of the section. Fig. 95, IV, shows the distribution 
when the deformation is doubled, on the assumption that the 
neutral axis is not shifted. The lower half of the stem has passed 
the elastic limit and the unit stress in it is not proportional to the 
distance from the neutral axis. The shaded area below the axis 




Fig. 9o. — ^D isplacement of the neutral axis, 

is smaller than that above (which is equal to the triangle OjBF) and 
consequently the neutral axis cannot pass through the point O, 
but must be moved upward away from the center of gravity of 
the section. Fig. 95, V, is the actual diagram with the axis shifted. 
The area above the axis is diminished and that below increased. 
With a still greater deformation the upper fibers will also pass the 
elastic limit, and it may happen that, with some forms of stress- 
strain diagrams, the neutral axis may move backward toward the 
center of gravity of the section. 

The neutral axis is shifted in a symmetrical section if the eom- 
pre^ion and tension curv^ of the material are not alike. Fig. 
^ shows the stress-strain diagrams for cast iron tested at Water- 
town Ar^nal Tests of Metals,” 1885, pages 475-490). The 
€X>mpr^ioii diagram is a straight line up to 13, (KK) pounds per 
Kjuare inch. The tension diagram curves a little from the start 
but practically coincides with the compression curve up to 
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lOjCKK) fK>iinds per square inch. For greater strokes there is a 
decided difference. Fig. 97, II, shows stress distribution in a 
rectangular section when the unit tensile stress in the outer 



fibers is 24,800 pounds per 



Fig. 97. — ^Stress distribution in a cast- 
iron section. 

is calculated and substituted in t 


re inch, corresponding to the 
unit elongation of 0.0025. The 
compression diagram has an 
equal area when the unit stress 
is 31,400, which corresponds 
with the unit deformation of 
0.0022. The neutral axis then 
divide the depth in the ratio 
of 22 to 25 and is 0.532 d from 
the top of the beam instead 
of at the middle. K the re- 
sisting moment of the stresses 
te formula 



Chap. VII] 


STRESSES IK BEAMS 


121 


the compiited unit stress is 34,0(X) pounds per square ineli. F%. 
97, I, represents the conditions a^umed in Formula XIT, wtiife 
Fig. 97, II, shows the actual conditions. 

The compressive strengrth of cast iron is three or four as 

great as the tensile strength. Beams of this material should 
he made of T-section or equivalent, and loaded so as to bring; 
the stem in compression and the flange in tension. The remote 
fibers on the compression side should be two or three times as far 
from the center of gravity of the section as those on the tension side. 

While the modulus of rupture does not give the actual strem, 
it enables us to compare stresses in similar sections. If the 
modulus of rupture is obtained from the test of beams of rec- 
tangular section 5 this figure may be used in computing the ulti- 
mate transverse load in other beams of rectangular section made 
of the same material. The r^ults may al^ be used with little 
error for beams of other shapes, provided they are symnietneal 
with r^pect to the neutral axis. With unsymmetrical sections, 
such as angles, it is better to make tests and obtain the mcxlulus 
of rupture for each shape- 

The student will remember, however, that these statements 
apply to the stress beyond the elastic limit. Since allowable 
str^es are below the elastic limit, Formula XIY is strictly cor- 
rect for allowable loads. The change in the stress-distribution 
diagram when the stress passes the elastic limit affeds the fiidm 
of safety ordy. 

Ductile materials, such as soft steel, have no modulus of 
rupture, strictly sj>eaking, since beams of such material may be 
bent double without breaking. 

Problems 

1. A white-pine beam 1.78 inches wide and 1.25 inches thick wm sup- 
ported at two points 12 inch.es apart and broken by a load at the middle. 
The total load at rupture was 1,112 pounds. Find the modulus of mplure. 

Atis. 7,^)0 pounds per inch. 

2. If white P’ine of quality equal to that of Problem 1 is u^d in the form 
of a 4-mch by 4-iiicli beam to carry a load of 7CK) pounds midwmy l>etweca 
two supports 6 feset apart, what is the factor of safety? 

3. A rectangular bar of emst iron, 1.04 inebes wide and 0.80 inch tMck is 
placed on two supports 12 iiich<^ apart and broken by a Icmd of 1,^35 

at the middle. I^Tnd the mcKiulus of rupture. 

4. A beam of short— Imf yellow pine, tested by Prdt, A. N. Tallwl at the 
Univeraty of IliinoiSy had the following dimenaons: breath, 7.12 mchM; 

16.25 inches; distant cse hetweei supjKwts, 13 feet 6 mchM- Two 
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equal loads were applied at points 4 feet 6 inches from the supports, making 
the bending moment constant and the shear zero between these points (if 
the weight of the beam is n^Iected). The beam broke by tension in the 
outer fibers between the loads when each load w’as 27,500 pounds. Find the 
modulus of rupture. Am, 4,739 pounds per square inch. 

5. A beam of long-leaf yellow pine 7 inches wide and 14 inches deep, 
supported and loaded as in Problem 4, broke under a total load of 37,3(X) 
pounds. What was the ultimate bending strength of this timber? 

Am, 4,400 pounds per square inch. 

6. A second beam of long-leaf yellow pine 7.0 inch^ by 12.1 inches, sup- 
ported and loaded as above, broke under a total load of 52,900 pounds. 
What was the ultimate bending strength of this timber? 

Am. 8,362 pounds per square inch. 

Problems 4, 5 and 6 are from BuUeiin No. 41 of the University of Illinois 
Engineering Experiment Station. 

7. A 5-mch by 6-inch beam of 1:2:4 concrete, placed on supports 32 
inches apart, was broken by a load of 1,300 pounds midway between the sup- 
ports. Neglecting the weight of the beam, find the modulus of rupture. 

Am. 347 pounds per square inch. 



OD = V« OB 
EC^DB^Vz OB 


Prof. G. B. Upton* has devised a method by which the actual 
unit stress in the outer fibers of a beam of rectangular section 

may be calculated with consider- 
able accuracy. Fig. 98 is a curve 
similar to a stress-strain diagram, 
in which the abscissas represent 
the deflections of a beam, and 
the ordinates the unit stress^ as 
o oeflectkw f calculated from Formula XIV. 

I^G. 98.— Upton’s method of Xo find the actual unit stress cor- 
finding actual stress m a rectangu- ^ i ^ , 

lai beam. respondmg to the calculated unit 

stress FC, draw a line through C 
tangent to the curve and find its intercept B on the Y axis. One- 
third the length OB subtracted from the calculated unit str^ 
FC gives the actual unit stress FE. 

67, Neutral Axis for an Unsymmetrical Section. — Fig. 99 
shows two methods of drawing the str^ distribution diagram of 
an angle section. Fig. 99, 1, is the usual method with the center 
0 at the middle of the vertical leg on the horizontal line through 
the center of gravity. Fig. 99, II, shows another method with 
two centers for the upper portion, each center being directly 
below the middle of the area to which it corr^ponds. Both 
methods give the total stress in terms of the unit stress in the 

* For the derivation of this rule see Upton’s “Materials of Constructioii,” 
page 78. 
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lower QherSf and botli show the distance of the r^iiltant for^ 
from a horizontal axis. The center of gravity of the upper 
shaded area is not directly over that of the lower. Its true 
{x^ition, C of Fig. 99, II, is given by the common center of gravity 
of the trapezoid and triangle. It corresponds with the center of 
gravity of thejipper part of the stress distribution solid of Fig. 9§. 



I II JU 

Fig. 99. — Stress distribution in. an angle section. 


In Fig. 1(K), ABCD is a rectangular section with diagonal hori- 
zontal, It may be regarded as the end of a cantilever perpen- 
dicular to the plane of the paper. If a vertical load P is placed on 
the end of this cantilever, the deflection will not be vertically 
downward, but the section will be displaced into a p)ositioii such 



Fig. 100. — Rectangular beam with Rig. 101. — Moment at angle 
load perpendicular to diagonal. with principal axis. 


m that of A^B^C'D\ from which it is evident that the horizontal 
diagonal BD m not the neutral axis. 

68. Biding Moment Hot in Plane of Princi|ml Moment of 
Inertia. — ^Figs. 99 and 100 are special example of the general 
problan where the bending moment does not lie in the plane 
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of one of the two principal moments of inertia. Fig. 101 repre- 
sents an}" section of a beam for which XX and YY are the princi- 
pal ax^ of inertia. The line MM at an angle a with YY is in 
the plane of the bending moment, and the line BC at an angle 6 
with XX is the neutral axis. An element dA w’hose coordinates 
with respect to the principal axes are x and y, and whose distance 
from the neutral axis is is subjected to a stress which varies 
as V. 


V = y cos B — xsin. $. 
s kv — k (y cos B -- X sin B). 


( 1 ) 

( 2 ) 


Since the external moment is in the plane MM, the resisting 
moment must lie in the same plane, so that the sum of the 
moments of all the stress on the entire area about the line MM 
must be zero. The perpendicular distance from dA to the line 
MM is 

x' = 1 / sin a a: cos a- (3) 


J sx'dA = 0 = Jvx'dA, 
J cos 0 sin O' dA + J* xy cos 6 cos a dA — 


( 4 ) 


J'xy sin B sin a dA — J'x- sin B cos q: dA == 0; (5) 

Jx cos B sin a — ly sin B cos cc = 0, (6) 


where Ix is the moment of inertia with respect to the axis XX, 
and ly is the moment of inertia with respect to YY. The second 
and third terms of (5) include the product of inertia with respect 
to the principal ax^, which is zero (see Article 207). 

Tan B = ^ tan a. (8) 


Example 


A 6-inch by 8-inch beam is subjected to a load perpendicular to ite length 
making an angle of 30 d^rees with the plane of the 8-inch fac^. Find the 
angle between the neutral axis and the plan^ of the 6-inch faces. 

Taking a line through the center parallel to the 6-inch i&c^ as the X axis. 


T _ 

” 12 

, 8X6* 

12 


« 256, 


= 144 . 
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Tan § - X 0.5774 = 1.0264, 

# = 45 ® 45 '. 

The neutral axis makes an angle of 15 degrees 45 mhiutes with, the 
norma! to the bending moriient. 

From Fig. 101 the component of the bending moment f^rpen- 
dicular to the neutral axis is M cos (6 — a). The moment of 
inertia with respect to the neutral axis is eos^ 6 + sin^ i, 
and p = y cos B — x sin B. 

== cos (6 — a) V 

I jc cos^ B-h I V sin ^ B^ • ^ 

— ill ^ eg + sin g sin jy cos B — x sin B ) . 

^ . Jx cos^ B + ly sin^ B ^ ^ ' 

__M ^ (c(m ^ffcm ae -4- cos g sin ^ sin a)—Mx(coBBsm$cm a -hsm ^^sia &) 

/* cos2^4- J^sin-d ” * 

My (cos- 6 cos cc + cc^ B sin 6 sin a) =My cos a (cos- 9 -f 


cos B sin B tan a) = My cos a (cos^ B 


/x 


5in2 $1 


( 4,1 


NIy (cQs^ ^ cos a + cos ^ sin 6 sin a) __ My cos a 
I X cos- 6 A" I y sin^ B / x 

In a similar way the second part of (3) may be shown to be 


and 


Mx sin a 

/T“' 

My cos a Mx sin a 
Tx Ty 


( 6 ) 


To find the JU^r stress at any point in a beam when the beniim§ 
moment is inclined to the principal axes of inertia, remlte ike 
bending moment (or the applied forces) perpendicular to the two axes 
and compute the stress for eaxh component separately. The a^md 
unit stress is the sum of the results of these two, taken with iM proper 
sign. 

Examples 


A 6 - 4 dc 1 i by S-ineli h^m 15 feet long is supported at the euds and mnim 
a load of SCB pounds at the middle. TTie load is 30 d^re^ from the Terti^*al 
in a plane normal to the length of the beam. Find the unit str^s at eatb 
i»inier at the dangerous section. 

The iwnding moment at the dangerous section is 36,CW0 inch -pounds 


0 
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It« mmponentB are 36^000 cm ^ ¥erti»Iy and 36,£HX) sin 30 degrees, 

lioriiontal. Tlie action modulus for the vertical component is 64 inch^ s 
for the horizontal i^mponeet it is 48 incli«*. Considering first the vertical 
component of the moment, the unit str^ in all the top and bottom fibers 

,, 36.000X0.^ , 

4gj pounds i^r square inch. 

It m c»mpr^ion at the top and tension at the lK>ttom. In the same way the 
unit in the vertical edge .4 D is 375 pounds per square inch tensions 
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Fig. 102. — Hectangular section 
with oblique loading. 


D C 

Fig. 103. — Angle action. 


and there is an equal unit compr^sive str^ in the vertical edge BC 
At the comer B both the horizontai and vertical components produce 
eompre^oa so that the actual unit stress is 487 + 375 = 862 pounds” per 
square inch. There is an equal unit tensile stit^ at the comer D. At 
comer A the \'ertical wmponent produces compression and the hoiiiontal 

component tenaon, and the actual 
unit str^ is 487 — 375 = 112 
pounds per square inch oompiw- 
sion. Hiere m an ^ual t«ia<m at 
comer C. 

A fi-inch by 6-ineh by 14ncli 
standard angle, 10 feet long is ii»d 
as a supfKjrtei at the ends. 
The angfe is with hori- 

Mid vcrtlol and a load of 
1,1X10 pcwinds Is appll«i at the 
Fig. 1M.— RecUagular beam. middle, ovw the center of gravity 

of the section. Find the unit stre» at the comers. 

Here the prinei|ml axes are 1~1 for which the inertia is 14.78, and 2~2 
for which the moment of inertia is ^.14. The tending moment for ^ch 
"""’i is 1^000 \/2. 

Unit stress at £ = ^ ^ ^ ^ “ 3,775 Ib./in.’ 
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The unit tensile stre^ at C due to the moment about the axis 1~1 is 3,329 
IK>uii€is, and the unit tensile stre^ due to the moment about the axis 2~2 
is 1,336, making the total unit tensil stress at this comer 4,655 pounds per 

square inch. 

Problems 

1* A rectangle of sides h and d is placed with one diagonal horizontal and 
subjected to a vertical load. Find the fiber stress at the comers A and C, 
Fig- IW. 4^ . 6MVd* +b ^ 

2. Show that the r^ult of Problem 1 is the same as would be found if the 
neutral axis coincided with the horizontal diagonal DB, 

3. In Problem 1 find the unit stre^ at the comers B and D, and the direc- 
tion of the neutral axis. 

69. Bending Moments in Different Planes. — It frequently 
happens that a beam is subjected to forces which are not all paral- 
lel. If the beam has a circular or square section so that the 
moment of inertia is the same in all directions, the resultant mo- 
ment may be calculated at any section and this moment may be 
used to find the fiber stress. If the two principal moments of 
inertia are not equal, the forces or moments should be resolved in 
the directions of the principal axes, and the stress at any point 
calculated as in Article 68. 


Example 

A horizontal cantilever 5 feet long carries a load of 120 pounds per foot 
and is subjected to a horizontal pull, perj>endicular to its length, of 400 
pounds at the free end. Find the expressions, in inch-pounds, for the 

moment at any section. 

Mji = 5 x^; Mz — 400 x; Resultant ikf = 5 x^ 6,400, 
where is the moment in the vertica l plane and Mz is the moment in the 
horizontal plane. f-; ^ 

Problems 

1. In the example above, find the direction and magnitude of the result- 
ant moment at the fixed end. 

Arm. 30,000 inch-poimds in a plane at an angle of 36 degrees 52 minute 

with the horizontal. 

2. If the cantilever of Problem 1 is of circular section, 4 inches in diameter, 

find the maximum fiter stress. Ans, 4,775 pounds per square inch. 

3. In Problem 1 find the magnitude and direction of the resultant moment 
at 3© inch® from the free end, 

Af«. 12,816 inch-pounds at angle of 20 degrees 40 minute with the 

horizoiitaL 

4. A hoiiKmtal shaft 10 feet long, weighing 24 pounds i>er foot, is sup- 
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ported at the ends and carries a vertical load of 60 pounds 2 feet from 
the left end and a vertical load of 40 pounds 3 feet from the right end. A 
horizontal force of 160 pounds, perpendicular to the shaft, is applied 3 feet 
from the left end. Find the resultant moment at 3 feet from the left 
end and at the middle. 

Ans. 501 foot-pounds at 3 feet; 484 foot-pounds at 5 feet. 

5. Write an expression for the moment in each plane and for the resultant 
moment between 3 feet and 7 feet from the left support. Differentiate the 
expression for the resultant moment to derive an equation for finding the 
position of maximum moment. 

Fig. 105, shows the diagrams, for the moment in the vertical 
and horizontal planes for Problem 4. The maximum moment in 
the vertical plane is at 5 feet, and the maximum in the horizontal 


r:_6'o— - 
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Fig. 105. — Beam with horizontal and vertical loading. 

plane is at 3 feet. The maximum resultant moment is between 
3 feet and 5 feet. The resultant moment at any section may 
be determined graphically from the diagonal of the right-angled 
triangle, the legs of which are the horizontal and vertical 
moments. 

Problems 

6. A horizontal shaft 12 feet long, supported at the ends, carries a vertical 
load of 600 pounds 3 feet from the left end, and a horizontal pull of 400 
pounds perpendicular to its length at 6 feet from the left end. Find the 
. location of the maximum resultant moment. 
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Tabi/B X. — Allowable Unit Bending Stresses 

Unit stress in pounds 

Material per square inch 

Structural steel 16,000 

Wrought iron 12,000 

Cast steel, 16,000 

Cast iron in tension 3,000 

Cast iron in compression 15,000 

Concrete in compression: 

1:2:4 650 

1:3:6 450 

Long-leaf yellow pine 1,200 

Douglass fir 1,100 

White oak 1,100 

Norway pine 900 
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CHAPTER VIII 


deflection in beams 


^ 70 . Deflection and Moment.— In Article 63, equation (7), we 
have; 


M ==BI 


Al 


El 


Jl’ 


( 1 ) 


for infinitestimal lengths dl, measured along 

of the bent bean}. The angle de is the change m slope of th 


\ \ 



tangent to the neutral surface in the length dl We wfll now 
detimine the relation existing between the moment and the 
deflection of the beam from its original form. This ®xpecial y 
easy in polar coordinates. The lines FG and MN, of Figs. 106 



and 87, make an angle dd with each other (when Al becomes dl). 
and intersect at some point beyond the drawing, at a distance p 
from the neutral surface. This distance p is the radius o 
ture of the neutral surface. 

By geometry: 

130 



Chap. VIII] 


DEFLECTION IN BEAMS 


131 


El 


pdd — dl, 

de ^ 1 

dl p 

Substituting in (1), 

EI p’ p 

If M is constant, or if I varies as M, p is constant, and the curve 
of the beam is an arc of a circle which may be computed by 
trigonometry. 

Problems 


( 2 ) 

(3) 

(4) 


1 . A 3-inch by 1-inch steel beam, 10 feet long rests, on two supports each 
30 inches from the ends and carries a load of 200 pounds on each end. Neg- 
lecting the weight of the beam, what is the bending moment at the supports? 
If the modulus of elasticity is 30,000,000, what is the radius of curvature? 
How much is the beam deflected upward at the middle? 

( Moment, 6,000 inch-pounds; 

Radius of curvature, 1,250 inches; 
Deflection at the middle, 0.36 inch. 
Suggestion. — ^With the radius of curvature known, calculate the angle 
in radians subtended by half the span. The versed sine of this angle multi- 
plied by the radius of curvature is the deflection at the middle. As ordinary- 
tables are of little value for such small angles, it is recommended that the 
student use the first two terms of the cosine series to get this versed sine. 
(See trigonometry for series or develop by Maclaurin’s formula.) 

2. A steel plate 1 inch wide and inch thick is subjected to a bending 
moment of 125 inch-pounds. If E is 30,000,000 pounds per square inch, 
what is the radius of curvature and what is the maximum fiber stress? 

Ans, Radius of curvature, 312.5 inch; unit stress, 12,000 pounds per 
square inch. 

3 . What is the thickness of a saw blade which may be bent into a curve of 
5-foot radius with a maximum unit stress of 40,000 pounds per square inch, 
if E is 30,000,000? Ans. 0.16 inch. 

71. Deflection in Rectangular Coordinates. — To express the 

value of ^ in rectangular coordinates, we must determine in 

terms of x and y and their derivatives. Let x express distance 
parallel to the unbent beam and y express deflection of the beam 
from its original position. These distances are usually measured 
along the neutral surface. The angle 6 may be measured from 
any fixed line. For convenience of calculation, we will measure 
6 from a line parallel to the X axis. The angle 6 is then the angle 
which the tangent to the curved beam makes with the original 
direction of the beam. It is the angle through which the tangent 
to the beam at any point is turned when the beam is bent. 
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Fig. 108 shows a beam supported at tlio ends and bent. 'I'ho 
lower figure represents the neutral axis willi the vertical tlcflectiou 
exaggerated. The origin is taken at the left support, juid x is 
taken as positive to the right and y as positive upward, as is tiio 
custom in mathematical work. 

From Fig. 108 (or the Calculus) : 


tan 0 — 


(ly. 

(lx 


Differentiating 


d 


do ^ d-ii^ 

dx dx^ 


(1) 


( 2 ) 


beam 



Fig. 108 . — Slope and deflection. 


From Fig. 108, dx 


diem 0, which BubHtitihed in (2) given: 

nee'-* Odd d'^y ... 

dl im O ^ dx^'^ ^ 


sec*'* 


do _ 

dl dx-' 


(4) 


do _ d'^y 
dl Odx'^ 


Substituting this value of 


do 

df 


in (1) of Article 70: 


El 

sec^ O dx^ 



n ‘ 


im 


m 


Equation (6) may be obtained direct from (4) of Article 70 if tho 
student remembers the expression for the radius of curvature 
from his Calculus. 

In beams, as used in ongiiiecring practice, the deflection is 
usually small, so that cos 0 is practically unity. Equation (6) 
then becomes approximately. 


M 


El 


d^y. 

dx^ 


Formula XV. 


('.IlAI'. VI 111 


DKFLICVTJON JN flHA MS 


1.13 


l'’omiula XY ih tlio <Ii(Tiu'(aitiaI («iua(.i(Hi from which the de- 
floctiou of hcaniH iiud columiiH w <lctcrminc(l. The A' axis is 
taken parallel lo the dirciction of the uiihent h(>am, and tlio de- 

llecliion in relativtily Hinall ho that i” nexliKihle compared 


with utiity. 

72. Point of Inflection.— A point of iullcction of a curve in a 
point where the center of curvature chaiigcH from one Hnle to the 


other. 


From the ( laleuhiH, it iH a point, where eciualH zero 


and chatiKOH Hign. In a beam 


(Fit M 


<lr- FI’ 

fhiction muHt come at point wIku'o tin', moment is zero. In order 

(Fll 

to have a change of nign, or Homo higlna’ (hirivative of txhl 

order, muHt not be e<iuat to zero. 

When e(jualH zero 

■r^r d^l dM ,. ,•11 

dJ^ dx ' ^ "■ 

ill H uuifonu beam whinny / in coiintant. At a point of infh^rt ion 
tho moiunnt in ^^evro, and tlio hIkw in usually not i'^oro. 



- 

- 



4 1"„ .,jf' 

u* 


Pun 100.— PoiatH of iriflnatJon, 


A point of inflection is Honietiines calletl a point of mnnfer- 
Jlexure, In Mg. KM) there is a point of inflection 2 inclioH from 
the k^ft support and another 4 iiudies from the riglit 8up|K>rfc. 
A tieam may be cut in two at a point of infl(H*iion and the ixir^ 
tions i)la(*ed on eacli other so as to take the siiear; and the 
deflections, moments, and nnutt.ions, will rcunain exactly as they 
ware before tlie beam was cut. 


Problems 

1. In Fig. 109 calculate the refustiens. Am. 9 pmuuls and 14 |HHUuii. 

2. Write tho inornont equation for the part betwmin the sup|)iirts with 

the origin at the left support. Equate to sere and find the two points of 
inflection. Arm. 2 inches and B inches from the left support. 

1. In Pig. 109, n, take moments about tho left support and ihow that 
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the left portion exerts a force upon the middle portion, which is equal to 
half the weight of the latter. 

73. Solution of the Differential Equation of Deflection. — Before 
solving Formula XV for the deflection of a beam or column, all 
the factors must be expressed in terms of x, y, and constants. The 
modulus of elasticity is constant, provided the unit stress does 
not exceed the proportional elastic limit. The formulas for 
deflection are valid only below this limit. For beams of uniform 
section, I is constant; for beams of variable section, it is expressed 
as a function of x. The moment is expressed as a function of x 
and y. In beams it is usually a function of x only as in equations 
of Article 54. 

When the expressions for M and I do not depend upon the 
deflection Formula XV becomes 

= function of x. (1) 


The solution of equation (1) involves the double integration of 

dx. 

Since ^ is the derivative of ^ dx is the differential of 

and 

where 


dxdx = d dx = dp dx, 


dx^ 


( 2 ) 


^ dx 


A double integration may be performed in either of two ways 
depending upon the order of integration. In dp dx either dp or 
dx may be integrated first. There are two methods of solving (1) 
corresponding to these two orders of integration. The method in 
general use is the one in which dp is integrated first. It may be 
called the method of double integration. In the other, dx is inte- 
grated first. It is called the method of Area Moments, Articles 
74 to 83 give the application of the first method to beams with 
two supports. Articles 84 to 93 apply the second method to 
similar problems. Either method may be studied and the other 
omitted. 
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DEFLECTION OF BEAMS WITH TWO SUPPORTS BY METHOD OF 
DOUBLE INTEGRATION 

{Articles 74 to 83 may be omitted and Articles 84 to 93 taken 
instead.) 

74. The Steps of the Solution . — The expression 

//S*’*’ - -ffdpdx - 

J(p + C,)di-f(^+C,)dx, 

when dp is integrated first. Ci is an integration constant. (The 
integration might have been taken between limits, one of which 
should be the variable Xj but the use of the integration constant 
is preferable with this method.) 

The second integration gives the deflection y. If the value of 

do/ 

^ is known at any point, it may be substituted and the expres-. 
sion for Ci obtained before the second integration. The value 




Fig. 110. — Beam with constant moment. 


of y must be known for some value of x in order to obtain the 

du 

constant which comes in at the second integration. If is not 

known for some one value of Xj the constant Ci must be carried 
through the second integration and y must be known for two 
values of x. This is the case in Article 75 which follows, while 

in Article 76, is known at one point, and Ci is determined before 

the second integration is performed. 

76. Beam with Constant Moment. — Fig. 110 represents a beam 
resting on two supports at a distance I apart. It overhangs the 
left support a distance c and carries a load P at the left end, and 
overhangs the right support a distance e and carries a load Q at 
the right end. The loads are such that Pc = Qe. 
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Taking moments about the right support, the rouchion at tiio 
left support is found to be equal to P. Taking momenta about 
the left support, the right reach, ion ia found lo l.e equal to Q. 
Between the supports the moment is cconatant and ecpml to - Pc. 


dx^ 

where M = Pc. Integrating: 


W 

ax 


-M, 


■Mx + Cv, 


Ely 


Mx^ 


"t" ('iX + ('a. 


(1) 

( 2 ) 
(2) 


To obtain the constants Ci and C\ wo have the condition that 
2 / = 0 at the left support where x = 0. Kubstituting in eejuation 
(3), 

C'a - 0; 

Mx^ 


Ely 


2 


+ CiX. 


(4) 


Equation (4) is true for all values of x. for which the; moitjcnt i« 
—Af. It is true at the right support, whcie x I and y » 0. 
Substituting in (4) : 

Ml 

( I 


0 - -f- + rj, 


2 


Substituting this value of Gi in ocpiation (4), 


y = 


Ely = 

-M.t _|. M.k. 

2 2 ^ 

(6) 

2 El ^ 

- l^) =• 2^/ “ **)• 

(«) 


Equation (6), which gives the value of y in torms of a; and the 
constants El and M, for all values of x between the support a, ia 
called the equation of the elastic line of the beam between thtise 

points. To find the position of maximum deflection, let 


in equation (2). After substituting the value of ('j, 


§y 

dx 


M. (I _ 

El \2 / 




dy 

dx 


0 when x « 


I 

2 ' 
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hence the point of maximum deflection is at the middle of the 
span. Substituting in (6), to get the maximum deflection at the 
middle: 


_ MP 

- g 


( 7 ) 


It is evident that if the loads P and Q are equal and the lengths c and 
e are equal, the beam would be symmetrical with respect to the middle of 
the span; and that this point would be the position of maximum deflection. 

In that case we could set ^ equal to 0 when x equals ^ in equation (2) and 

solve for Ci before integrating the second time. If P and Q are not equal, 
but the products 

Pc = Qe, 

the symmetry is not so self-evident, and it is safer to obtain the constants 
as we have done. 


Problems 


1. Show that the deflection for all parts of the span is positive. 

2. Apply equation (7) to Problem 1 of Article 70. 

3. Apply equation (6) to the above problem to find the deflection at 10 
inches, 20 inches, and 40 inches from the left support. 

Ans, X y 

10 inches. 0.20 inch. 

20 inches. 0.32 inch. 

40 inches. 0.32 inch. 

4. In the above problem find the slope of the tangent at either support, 

and find how much 1 + ^ differs from unity. 

5. A yard stick 1 inch wide and 34 inch thick rests on two supports 20 

inches apart. A load of 4 pounds is placed 6 inches to the left of the left 
support and an equal load 6 inches to the right of the right support. A 
point mid-way between the supports is elevated 0.64 inch when the loads 
are applied. Find E, Ans. 1,440,000 pounds per square inch. 


4 76. Cantilever Beam with Load on the Free End. — Pig. Ill 
represents a cantilever beam fixed at the right end and loaded 
at the left end. The origin of coordinates is taken from the left 
end before the load was applied. The moment at a distance x 
from the origin is —Px. The differential equation becomes: 


El 


d^y 

dx^ 



— Px. 

( 1 ) 


( 2 ) 
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At the wall, where x = I, the beam is horizontal and ^ “ 0; 

Cl = (3) 

C, ^ PP 

El 2 El 

is the slope of the tangent to the elastic line at the origin. 



prdy ^ 

^^dx 2 2 

Px^ ,PPx 
Ely = — ^ +-^ 

At the wall x = I, y = 0; 

PP . PP 


+ Cs. 


0 = 


c,= - 


6 +^ + <^ 2 ; 

PP 


Px^ , PPx 
EIy=--^ + -^ 


The maximum deflection is at the free end, where x = 0, 


J/maz — 


PP 


(4) 

(5) 



(6) 

PP 

3 ’ 

(7) 


(8) 


ZEI 
Problems 


Formula XVI. 


1. A 4-iiicli by 6-inch wooden cantilever, 10 feet long, is deflected 1 inch 
at the end by a load of 200 pounds at the end. Find E and the maximum 
fiber stress. 

Ans. Ej 1,600,000 pounds per square inch; maximum stress, 1,000 pounds 
per square inch. 
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mi 

2. Ill Prohlcnu 1 fintl tho (H) inchrs from thcj frt*o ami. 

Am, « 

3. If tha (kiflaatiaii at tha and of a (uintllavt^r <Uu5 to a load on tho and i» I 
inch, find thci doflaction at ono-fourth tha langth from tha fri^a and. 

4. If E b 1/)()(),OOC) and thamaximmn allowuhla ^traan b I,2CH) poundH par 
«<piara inah, wliat m tha inaxnmnn dafIa<‘.tiou in a aantilovar 10 faat long 
and 4 inohan daop, if tha lunitral mm b midway betwoan tha top and hottonu 

Ann, 1.92 inahan. 

5. A 12-indi I-baain a« a aantilovar 8 font 4 im’han long m dtdla(!tad 
5f H inch at I h(^ cmd by a load at tha and. If H b 29,000, (HK) p<mndrt par nquara 
inah, find tha maximum fihar strain. Ami. 14,500 ponmb par miuart^ inah. 

6. If I b langth of a aantilavar and d in tha chiptli, ahow tliat tho daflaation 
due to a load on tlm tmd ii givtin by 

2 Si* 

J/hih* “ jj 

7. A aantilavar of langth a + h itarrian a load P tm tha fra<^ and. Find thi^ 

daflaation at a dbtanaa a from tha fr(?(^ and. ,, „ i oh\ 

Ann. y .,A,A n t 2 1>), 



Fio. 112.-— Clanii lover with tiidformly dbtrihntad hnul. 


• 77. Cantilever with Load Uniformly Distributed.- 112 
roproHOnts a cautilcvor lixod lit tlio It’ftmul, with load utiifonnly dis- 
trihvitod. Tiio origin of nodrdinatoH Ih taken at the lixnd jHiint. 
Tho momont wdotorminod from a froo portion of longtii l—x to tim 
rigid, of a soction winch in at a dintamto x from tiic origin. I'ho 
woiglit of tlio portion with a diatrilmtcd load of w pisr unit length 
Ih w (I— x). Tlic moment arm with rcM|K!c.t to tlio wsetion ia 
I — 

2 

,, w(l — *)* 

"”--2 ^ 

The sign of tlio momotd. iH negative, the eeidor of ourvaturo 
being lielow the beam. 

w(l - jc)*. 
dx* 2 


( 1 ) 
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ax o 

Saj 

At the wall, where ^ ^ ^ J 

0 = + Gx. 


El 


dy w (I — xy wV ^ 


dx 


6 


6 


w(l—xY wl^x , ^ 


At 3; = 0, ^ = 0; 


r - 

24 


w(l — xY wVx , wl^ 

Ely = _ 


( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 
(7) 


I The maximum deflection is at the point where x — 1; 

I Vnuix = ormiila XVIL 

where W == wl, the total distributed load. 

The maximum deflection at the right end is not a mathematical 
maximum where the slope of the tangent is zero. It is a numer- 
ical maximum since the curve ends at that point. The curves 
considered in Calculus are indefinite in extent. 

If the beam is fixed at the right end and the origin is taken at 
the left end, as in the preceding article, (l—x) and x will be 
interchanged in (7) and 


Ely = 

wx^ wP(l — x) 
24 6 

wl* 

(8) 

Ely 

wx* wFx 

wV 

(9) 

= ~ 24 + 6 " 

T‘ 


Problems 


1. What is the deflection at the end of a 4-inch by 6-inch wooden can- 
tilever, 10 feet long, due to a distributed load of 40 pounds per foot if E 
is 1,200,000 pounds per square inch? What is the maximum fiber stress? 

Ans. ymax = 1 inch; S ~ 1,000 pounds per square inch. 

2. A beam of length I and depth d as a cantilever carries a load, uniformly 
distributed, which makes the maximum unit stress at the dangerous section 
equal to S, Find the expression for the deflection at the free end. 

Sl^ 

Ans. J^max — ^ Ed* 
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3. An 84ndi 18-pouncl I-bmin, tm n cantilt^vt'r fi ba^Uong, cmrriwii. dm- 
trihutcnl load of 120 |khuuIh [)or foot and n haul of 500 iHHindn at tha frtie and. 
Find th«? daflaction at tlu^ frac^ caul and tha inaxinunn flhc*r nlwm. E aquiili 
29,(W^d,(KH) poimdH |ht H<|uar(^ inali. 

4. Expand acpnition (1) and ini(*grata U) gat tha expiation <4 tha alaatin 
lin(». Thtni axpand (‘tjuaiion (7) an<l aoinparo tlni ramdtH. 

5. Find tins (Hinaiion of (duntia. lino of a aantilavar fix^ul at tha right 
and, witli tha origin at tha laft and* Company tha ramdt with (H|uatitai (0j» 

78, Deflection from Tangent~Jf the iimgant liiu^ to a (tanii- 
levar at tha “fixed point “ in not horizontal, the ecinationB of 
Articles 70 and 77 give tlio deflection from tins tangent line and 



Fit}, nii. ritdh'ation frtnn tangant , 


not from the liorizontal lino, fn Fig. 11.1, DC r<‘[>r('HentH a bent 
beam, and B(^ in a straiglit line tangent to i hc^ Ixnnn at (L llie 
distance HI) is Fnmx fornmlaH of Articles 70 and 77. 

A beam may be horizontal b(4ore th(^ load is apjdied but may 
not 1)0 perfectly fixed. In that case t he total dedh^dion irududoi 
the deflection of tlie tangcnit line from its lamition Indore the load 
was applied. The deflection of (he tangent line lU' (Fig. Ill) 
from the horizontal line at any distance Xt from C is t he product 
of the slope of the tangent 


< 


‘i 


xn 

'T 




Fio. H I. 


( ‘nfitih'ViT didhn*ti(*tt, 


tmiltipUod by xi. If the wlopo 
is positive, as in the fiKuro, the 
<leflection is positive when is 
measured toward tlio right, and 
nogativo when it is moasured 
toward tho left. For small angh's, siieh as raumr in beams, the 
distance moasuro<I along the slope is taken us etiuivalont to its 
horizontal projection. ItC is taken as eciual to A(\ 

It is difficult to fix a beam so that thesIofKs of the tangent at tho 
wall will not cluingo when the loail is applied. For this reason 
cantilevers are not generally used to determine modulus of 
elasticity. Accurate results may he obtained by clamping a 
pointer to the beam at some fixed point (as in Fig. 114) and 
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measuring the deflection of the cantilever with respect to this 
pointer. 

The equations of Articles 76 and 77 apply to a portion of a 
cantilever extending from the free end to any section and give the 
deflection of the portion of the beam from the tangent at the 
section. 

A beam may be loaded at some distance from the free end. 
The part between the free end and the load remains straight, and 
its deflection is calculated by multiplying its length by the slope 
at the load. 


Example 

A beam of length a + b has a load P at a distance a from the free end. 
Find the deflection at the free end. From Formula XVI the deflection under 



Ph^ 

the load is — — — • The deflection ( 2/2 of Fig. 115), due to the straight por- 

0 £jI 

dy dy 

tion of length a is where is the slope under the load. From 

ax ax 

equation (4) of Article 76, 

dy Pb^ dy Pab^ 

~'^lx 2 m' 

The total deflection = — (3 a +2 5) 


Pb^ 


P(l - a)^ 
6 El 


(2 1 + a) 


( 1 ) 


This total deflection is the same as the answer of Problem 7 of Article 76. 
The deflection at the end of a cantilever due to a load at a distance a from 
the free end is equal to the deflection at a distance a from the free end due to 
the same load on the end, Fig. 115 II. 


■J 

I 


! 

I 

i 
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Problem 

A catilildver of lonutli (t 1 wirrioM ii <liHt.ril>ut.('(l hiiul of «> p<'i' unit I(*n({th 
for a loiiKtli I) from (,1m fixed end and no load on the remainder. Kind the 

ihdhmtion at the free end. Arm. Ih'lleetion • 1 df')- 

79. Beam Supported at the Ends, Uniformly Loaded. In n 
l»(sam supportod iit tho (iikIk and uniformly loiuUid, tho mid roac- 
tiotiH are each ccpial to onc-half of the total load, 

14^ v'l 
Hi « H , « " 

d’ho momoiit at a diHtauco a; from the left Hiipport i« 

v>It- u’x® 


injmunihJh' llnll J.t'nolh 

rrrrnTT'ni ftiti I'l i i r 



Kio. 11(1. Bupportsateiida, load uniforinly diHlrihnti'd. 


and the differential eciuatien 

heeninoH: 



dx * 

ivLr 

2 

1,1 J.9 

2 ■ 

0 ) 

Elf 

dx 

wlr" 

4 

(1 ' ^ '■ 

(2) 


From Hymmotry it ia evident that the maximum defleetion is 
at the middle 

dy .. 1. 


, - 0 when x - 
dx 2' 


Vi 


24 ■ 


( (> \ 

is the h1o{) 0 of the elastit: lino at the left HUjiport.j 


III 

dx 

Ely 


wlx^ 


wH 

4 


■ 24' 

V)lx^ 


wl^x 

12 

24 “ 

24 


f ,'s 


(3) 

(4) 

(5) 
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At X = 0, y = 0; Ci = 0; 

wlx^ wx^ wPx 

= IT- 

I 

When X =2 the deflection is a maximum, 

P<T _ /I 1 1\ _ 

2/max - j2\8 ^ 4/ 384’ 

5wl* _ bWE ^ ^xrrxT 

' 384 El 384 El ' Formula XVIII. 

Substituting rc = Z in equation (7), the deflection at the right 
support is found to be zero. This condition might have been 
used to determine one of the constants. 

This beam might be regarded as fixed at the middle where the 

I 

slope is zero, and to consist of two cantilevers of length 2 which 

are bent downward by the distributed load and bent upward by 
the end reactions. The deflection at one end is: 


( 6 ) 

( 7 ) 


Downward, 


Upward, 

Total deflection upward, 


W/ly 

2 \2/ WV 


%EI ■ 

12% El’ 

W (l\^ 


2 I 2 / 

WE 

ZEI 

48 El ’ 

WF 

384 El 

(8 - 3) = 


bWP J 

384 El 


The deflection at any point, measured upward from the middle, 
may be calculated in a similar way. 


Problems 

1 . What is the deflection at the middle of a 2-inch by 10-inch floor joist, 

12 feet between supports, due to a load of 90 pounds per foot, if E is 1,200,000 
pounds per square inch? Ans. 0.210 inch. 

2. In Problem 1 what is the slope of the tangent to the beam at the sup- 
ports? If the beam extends 5 feet beyond the support, how much is the end 
elevated when the load is applied between the supports? 

Arts. 0.00467; 0.28 inch. 

3. A 20-inch 65-pound I-beam is used with a span of 25 feet to carry a load 
of 1,200 pounds per foot. If E is 29,000,000 pounds per square inch what is 
the deflection? What is the maximum fiber stress? 

Ans. Deflection at middle, 0.311 inch. 

4 . What is the greatest deflection in a beam of length Z, depth d, and 
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modulus of elasticity E for a beam supported at the ends witn a uniformly 
distributed load, if the unit stress shall not exceed an allowable value of St 

. ^ ^ . 5SP 

Am. Deflection = - . ^ , 

'^80. Beam Supported at the Buds with Load at the Middle. — 

p 

If P is the load at the middle, the reactions are „ > and the mo- 


ment from the left end to the middle is 


Px 


11 

(1) 


(2) 

du 

At the middle, from the symmetry of the sides, ^ = 

= 0; 

_ PP 

(3) 

nr dy Px^ PP 

= —A TT- 

ax 4 16 

(4) 

pr,, _ 1 r 

Ely - 12 - le- + 

(5) 

At the left support, where x = Oj y — 0; 


C 2 = 0. 

(6) 

- 12 16- 

(7) 


Equation (7) holds good from the left end to the middle. Beyond 
the middle the moment equation is changed. At the middle 


where x 


I 

2 ’ 

PP 
96 El 


Pl^ 
32 El 


Pl^ 

■ 48 El 


Formula XIX. 


This beam may be regarded as fixed at the middle and to consist 

I P 

of two cantilevers of length ^ bent upward by the reaction ^ • If 


this length and reaction are substituted for I and P of Formula 
XVI the result is Formula XIX. 

Formula XIX is much u sed to determine the modulus of 
elasticity. 
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Problemn 

1. A HdccUnl Ixmm of rod oak, 1.75 iiu‘h<‘H wide and 1.25 tiiclioK doop, wa« 
placed on two mipporifl 12 incii<‘H apart and a load applifal at tlto iniddlo. 
When an a<ldititm.of (K)7 potinda wan nuule to thol<ia(k the dcflectton at tlio 
middle was incroased 0.050 inch. Find E, 

Am. I,554,(KK) ptunals per Htpiaro inch. 

2. In tho beam of Problem 1 an addition of 721 pounds produec*d a deflec- 
tion of 0.059 intih. Find E, 

3. In Problem 1 how much wotiltl the last Mignifieani fi|i:ure« of the value 
of E he changed if the deflection r(‘adingH were incorrcad, (h(MM)5 inch? if the 
breadth were incorrect 0,005 incli? if tho depth were incorrect O.fKKI inch? 
if the load were incorrect 1 ptmnd? How much wotdd E he changed if all 
these errors occurred at once in the same ilinadlon? 

Am. An error of 0.005 inch in the depth wtaild changt' the result 1.2 per 
cent., a change of 18 in the significant figur(‘s. 

4 . The Vieam of Problem I broke under a loa<l c»f 2,815 pounds. Find the 
fiber stress at rupture. 

5. A 12-inch 51.5-pound I-beam rests on two supports 15 f<n*t apart and 
overhangs one support 5 ftnit. Find the d(^5ection at tlu^ miildle of the sjmn 
and the elevation of the overhanging end whtui a loml <if H,(KK) isumtls is 
applied at tho middle of the span. E is 29,(KK),(KK) pounds per sc|unre inch. 

Am. 0.155 inch. 

6 . Find the deflection at the middle of an IH-incIi 55*pountl I-hemn, «up«> 

ported at the ends, for a span of 20 feet, due to a disirilmied load of 1,2(K) 
pounds per foot and a load of 10,0CK) pounds at the middle if E is 29,(KK),(KK) 
pounds per square inch. Ana, 0.312 inch. 

7 . Substitute 3! ^ I in equation (7). Th«' result is not the deflection at 
the right support. Why? 

J 81. Beam Supported at Ends, Load at Any Point between 
Supports.“Tho moment equation ehangai at eaeh mnamtmtmi 
load. Tho diilorontial equation (1) and the equation of the 
elastic line (7) of tho preceding article applioB only for half the 
beam, from the left support to the middle* Fortunately, on 
account of tho symmetry of tho two portions, it may he aisumml 
that the beam is horizontal under the loail, thus securing the 
two conditions necessary for the determination of the arliitrary 
constants. When the load is not at the middle, the beam is no 

longer symmetrical, and the location of tho point whore is 

zero is not apparent. In that case tlie differential oquationi 
must be written for lioth portions of the beam, and four arbitrary 
constants determined. 

Fig. 117 represents a beam of length I supported at the endi 
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with a load P at a dintarico a from tho loft cud. If I - 
Ph 

tho loft reaction in , • For tho loft portion of tho lieam 


b, 


I 


M 


and to tho right of tho load 

Pbx 
' I 


M 


Phx 


P(x - a). 



I’lo. UT.—Itoatn 
with loiul lit any 
point. 


For all points Jnmi 
X « 0 <0 a: “ ffl, inclusive, 
. d»// Phx 

dx* I 

. dy Phx^ 

dx 2 1 


El 

( 

El' 


( 1 ) 

+ (\. (;i) 


For all points from x 
elusive, 
d^y Phx 
dx^ " I 
dy ^ /'te* 
dx " 2 I 


El 

( 

El ' 


Pix 

Fix 


a to X I, in- 

■ a). (2) 

(4) 


a the value of calculated from (3) is the 


The curve is continuouH under tho loa<l with no abrupt change 

of Hlopo. Whonx - -• 

Haino aa when calculated from (4). This makes tho first rnom- 
hoi'H of tho two equations oqual and, consequently, tho second 
members are eciual when a is suhstitutod for x. 


IW 

21 


+ Cr 


IW 

~ii 

(U. 


P(a - «)« 
2 


+ f'.; 


Substituting (h for Cs in equation (4) and integrating both 
oipiations, 


Ely 


IW 
0 I 




CiX + Ca- 
When X >= 0, y “ 0, 
hence Ct *“ 0. 


(r>) 


Ely 


Phx^ P(x-~ay 
of™ 0 ^ 

Cix + (L. (6) 
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When X = a the values of y from (5) and (6) are the same and 
the second members of these equations are equal, from which: 

0 = Ci = C 4 . 

When a: = !! in (6), y = 0; 

PbP P(l - ay _ 

“ 61 61 ' 


Substituting the value of Ci from (7) in (5), 

Pbx^ Pb(P - b^)x 
(Ti 


( 8 ) 


Substituting Ci in (3) and equating to zero, 
P _ a(a + 2b) 


= 


(9) 


•V gives the point of jrtayimu m deflection, provided b is less thai^a. 
Substituting x from (9) in (5), 


2/max 


= - f>^)V3 (P - b^ ^ 


27 Ell 


P?)a(a + 26)v3a(a + 2 6) 


27 Ell 


The <Jefl§.oiion under the load is 

^ 

^ ^ ZEIl 


( 10 ) 


( 11 ) 




Problems 


1. Show that the point of maximum deflection is never beyond 


I 

V3‘ 


' 2. A 3-inch by 2-incli rectangular beam, 10 feet long, supports a load of 45 

pounds 6 feet from the left end. Find the deflection at the middle, under 
the load, and at the point of maximum deflection if the beam is supported at 
the ends and E is 1,500,000 pounds per square inch. 

Ans, At middle, 0.510 inch; under load, 0.498 inch; maximum, 0.512 inch. 


82. Beam Supported at the Ends, Two Equal Loads Sym- 
metrically Placed. — ^An important case is that of a beam sup- 
ported at the ends with two equal loads at equal distances from 
the supports. If the weight of the beam is neglected, the shear 
is zero and the moment is constant between the supports. For 
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this reason it is much used in tests of beams, for it enables the 
experimenter to study the effect of moment without shear be- 
tween the loads and the combined effect of moment and shear 
between the loads and the supports. With constant moment 
between the supports, the unit stress in any horizontal fiber is 
constant, and measurements of elongation may be used to locate 
the neutral surface. 

p 

In Fig. 118 each load is the length of the span is Z, and the 

loads are at a distance a from the left and right supports, respect- 
ively. There are three moment equations, but on account of the 

symmetry it is evident that ^ is zero at the middle so that two 



Fig. 118 . — Supports at ends, two loads symmetrically placed. 

equations will be sufficient. Four conditions are needed to de- 
termine the four constants of these two equations. These are 

has the same value for 


du 

2 / = 0 when a? = 0 in the first portion ; ^ 


both equations under the first load; y has the same value for both 

du 

equations under this load; and = 0 at the middle. 

Writing the equations as in the preceding article: 


From X = 0 to X = Gj 
= -2- 

Pa^ 


( 1 ) 
(3) 

+ Ci = 


From X = a to X = (I — a), 

_ Pa 
EI-^ - -2 ■ 


El^y = + Cs. 


dx 
Pa^ 


( 2 ) 

(4) 


+ Cz'j 


Cl = ^ + Cz. 
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^ Pa^ 

Cl = 


Pal 
4 


EI^ = + 

dx 4^4 

Px^ . Pa^x 
^^^ = 12+ — 


?3l 

4 ■ 
Palx 


+ Ci. 

Cs = 0. 
Pffl» Pa^ 

12 4 


(5) 


4 




Cl =■ 


PaZ 

4 ■ 


Paa: Pal 




PZy = 


2 

Paa;2 


4 

Palx 


+ C4. (6) 


Px^ , Pa% PaZa: 

^^y=i2+-i-—r- 


4 

Cl = 

Ely ■■ 


_ WZ 
4 

12 

Paa:2 


+ Ci; 


Palx Pa^ 
4 ■^12' 


At the middle, where x 


I 


2/maa 


— ^ (— ^ 


With the loads at the third points so that a 


El \12 16. 

I 
3 


;)■ 


(9) 


2/ max — 


PF 

ZEI 


im-u) - 


23 PF 
1,296 El 


At the fourth points where a = 


Via&x 


I 


11 PP 
'768 El 


I 


Problems 

1. Verify equation (9) by substituting — 2 

2. A 6-inch by S-inch wooden beam supported at points 12 feet apart is 
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loaded with two equal loads of 800 pounds each 4 feet from the supports. If 
E is 1,200,000, what is the deflection under a load and at the middle? 

Am. Under a load, 0.240 inch; at middle, 0.276 inch. 

3 . In Problem 2, two vertical lines are ruled on one side of the beam 20 
inches on the right and left of the middle. When the load is applied, what 
angles will those lines make with each other? 

4 . In Problem 3, Fig. 119, the distance FN between the upper ends of the 

linos is measured with a delicate extensometer. How much is this distance 
diminished when the loads are applied, and what is the unit deformation in 
40 inches? Am. Total, 0.0200 inch; unit, 0.00050 inch. 

6. Compute the fiber stress in the upper fibers from the unit deformation 
in Problem 4 and check by Formula XIII. 

6. Show that the error due to measuring the chord instead of the arc in 
Problem 4 is less than 0.00004 inch, and that the relative error in the unit 
deformation is less than 1 part in 500. (Use the first two terms of the sine 
series for the half-angle.) 


H ^ — 

f, 

—4'— 

— ii? — 

# 


A,. 

f 

f- 

—40 — 

-Ji! 

- 


J 


G 


M 




Fig. 119. — Beam loaded at third points. 

83. Any Beam with Two Supports. — ^All the cases of deflec- 
tions so far considered are cases of two supports. (In the can- 
tilever one of these supports pushes down in the wall.) In all 
problems of this sort, the reactions may be computed algebra- 
ically and the moment equations written for any section. At 
each support and at each concentrated load the equation of 
moment changes and a different differential equation must be 
formed. The solution of each differential equation of the second 
order involves two integration constants which must be deter- 
mined from the values of y and at points to which the equations 

apply. There must be twice as many of these known conditions 
as there are differential equations. 

Fig. 120 represents a beam overhanging two supports. If the 
load between the supports is uniformly distributed, the equation 
of the elastic line for that portion may be obtained from the solu- 
tion of one differential equation, since ^ == 0 at the two supports 
furnishes the two conditions necessary to determine the integra- 
tion constants. If there is a single concentrated load between 
the supports, there are two differential equations to be solved and 
the conditions are those of Article 81. 'The equations for the 
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overhanging parts cannot be determined without taking into 
account the portion between the supports. One condition for 
each of these is = 0 over the support; the second condition is 
the slope over the support, which is obtained from the equation 
of the adjacent part between the supports. The part to the left 
of the left support may be treated as a cantilever and its deflec- 
tion from the tangent line AB may be calculated by the formulas 



of Article 76. The deflection of this tangent line is determined 
from its slope and the distance from B. 

Fig. 120 is a beam 42 inches long, weighing 1 pound per inch, 
supported 6 inches from the ends, with a load of 5 pounds on the 
left end and a load of 10 pounds on the right end. The left reac- 
tion is 25 pounds and the right reaction is 32 pounds. The shear 
is zero and the moment a maximum at 14 inches from the left 
support. For the part between the supports, using the general 
moment equation. 


EIt 


d^y 


dx^ 


- 48 + 14 a; 


E_ 

Y 


( 1 ) 
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ki'Y 

ax 


■48a;+7x« 


24 + 


24 X 30 


3 24 

7 X 3()» 
3 


+ C.'ix 4 |f 'a Oj. 


Cl = - 255 -■ Hlojifi of Ely cni-v(5 at. loft BUpport. 
SubtitituUng in (2), »= 105 at t.li« right Hupport. 

For tho part to tlio loft of the loft Hupport the doflootioii from 
tho tangent AB in calculated by t.lus forrnuhw for a cantilever 
with uniformly diHtribuf.ed load and a cantilever with a eoncen- 
tratod load on the free end. I'lio total doflocition in tho sum of 
these dofldctiona downward and l.hc upward deflection oi AB 

Problems 

1. In Kin. 120 tinil the (l(41('c.ti(m at the left end. 

/Ifni. I'Un « l,f.:«) - :i00 102 -■ l,tK)H. 

3 . In Fig. 120 find the ili'llcetiim at the right end. 

/Ifin. Klu - 0:t0 720 102 -2152. 

DEFLECTION OF BEAM WITH TWO SUPPORTS BY METHOD OF 

AREA MOMENTS 

{The remainder of thin ehaplrr may be omitted if Article 73 to 83 
have been dwlied.) 

84. Principles of Method of Area Moments.— Tho calculation 
of tho deflection of hoams by tho method of area momenle* Ints 
decided advantages in somo cftHCH, and is unod by an innreasing 
number of engineers. Whilo apparently very difTorent from tho 
method of double integration, tlie real variation lies in tho order 
in which the operations are performed, and in the u«o of limits 
instead of integration constante. Formula XV may be written 

" ' /.f ''*■/« b [, < ' > 


CM , 


(lx. 


Formtilii XX. 


*Thii ititithocl was clevisad by Mohr and irulapandtmtly in Kmimm Ijy 
Prof. Cliarlai E. Clrcnaic!, who lasgan to toaesh it in 1873, Bea papar by A. E. 
Ghkkni in tho Michiga;n Technic of Juno, 1010. 
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The dx inside the parenthesis is integrated first, and then, 
after substituting the limits (one of which is the constant Xi and 
the other is the variable x) this is combined with the remaining 
terms for the second integration. 

If xi is zero, Formula XX becomes, 


y = 



X dx. 


The method is sometimes called the integral of 


Formula XXL 
dx. method, 


or, when I is constant, the integral of Mx dx method. Starting 
with Formulas XX or XXI it involves only one integration. 

86. Deflection in Terms of the Moment Diagram. — If the 
M 

diagram t>e plotted as in Fig. 121, an element of its area is 


M 

El 




dx and the product ^ (x 


xi)dx is the moment of this element 



of area with respect to the point whose abscissa is xi. The total 
moment with respect to Xi of that part of the diagram between Xi 
and X 2 is given by 


Total moment = 



( 1 ) 


The second member of equation (1) is also the second member of 
Formula XX, consequently the first members are equal and 


y 


= total moment = 



(2) 


The deflection of a point xi is equal to the moment with re- 

M 

spect to Xi of that part of the ^ diagram between Xi and X2. 
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If the moment of inertia is constant, the moment diagram may be 
M 

used instead of the ^ diagram, so that for beams of constant 
section, 

Ely = I M(x -- xi)dxj (3) 

and the moment with respect to xi of that portion of the moment 
diagram between xi and X 2 is equal to the deflection of the point 
Xi from the tangent at ais, multiplied by EL 
If xi is 0, equation (3) becomes 


Ely 



Mx dxj 


(4) 


when the section is uniform, and equation (2) for any beam of 
constant section becomes 

1 C''" 


86. Geometrical Meaning of the Deflection Integral. — In Fig. 
122 AB represents a portion of a beam. A\BiB represents the 



same portion with that part between Bi and B bent by a moment 
M, the part AiBi remaining straight and tangent to BiB. If 
the part between B^ and B 2 is now bent, the point Ai moves to 
J12. (It is assumed that the deflection is small so that A, Ax and 
A 2 are on the same straight line perpendicular to AB.) Let Xi 
be the abscissa of A and Ai, and let x be the abscissa of Bxj so that 
a; — is the horizontal distance from A to Bx- When the part 
between Bx and B 2 is bent, the additional deflection A 1 A 2 is 
X -- Xx multiplied by the change in slope of the tangents at Bx 
and £ 2 . If the horizontal distance from B^ioBx is dx, the change 

df^y 

in slope is ^ dx, so that the increment of deflection A j As is given 
by 
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dy = {x - xi) = — (x- xi)dx, 

(1) 

since 

II 


and 




y 



Formula XX. 


If Formula XX be integrated from x = Xi to x = the result 
is the deflection of the point xi from a line tangent to the beam at X 2 - 
The application of the area moments method in the examples of 
Articles 87 to 93, is subdivided into four parts numbered as follows: 
L The deflection at one point by means of the geometry of the 
moment diagram. 

II. The deflection at one point by integration. 

III. The general expression for deflection by means of the geome- 
try of the moment diagram. 

IV. The general expression for deflection by integration. 



Fig. 123. — Area moments for cantilever. 


87. Cantilever with Load on the Free End. — Fig. 123 represents 
a cantilever of uniform section with a load P on the free end. 
The moment at a distance x from the free end taken as the origin 
is —Px. The moment diagram is a triangle, the area of which is 
regarded as negative. 

I. The entire moment is a triangle of base 1 , altitude — PZ, 
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and area- 


PF 


The horizontal distance of the center of gravity 

2 1 

of this momejpit triangle from the left end of the beam is The 

deflection of the left end below the tangent at the right end is 
given by 

PZ2 _ 2 2 PZ^ 


Elymax — 2^3 — 3 ^ 


l/max — 


PP 

ZEI 


( 1 ) 

Formula XVI. 


11. To find the deflection at the free end by integrating 
Formula XXI, M = —Px, Mx = --Px^. 

jMxdx= -P Jx^dx = - 

, _ PP PP 

J^J-y max — g j yniax — Z El' 


Problems 

1. Find the deflection at the end of an 8-inch 18-pound I-bcam as a can- 
tilever 10 feet long, due to a load of 1,200 pounds on the end, if E is 29,000,- 
000 pounds per square inch. What is the maximum fiber stress at the dan- 
gerous section due to this load and the weight of the beam ? 

Ans. Deflection at end, 0.419 inch; fiber stress, 10,900 lb./m.=* 

2. A wooden cantilever 6 inches square and 10 feet long is deflected 0.6 
inch at the end by a load of 135 pounds at the end. Find E. 

Ans, P, 1,200,000 pounds per square inch. 



Fig. 124. — Area moments for any point of cantilever. 

III. Fig. 124 is the moment diagram used to find the deflection 
at a distance x from the free end. The area to the right of the 
point B is made up of the rectangle of base Z — a? and altitude 
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-Px, and the lower triangle of the base I — x and altitude 
-P{1 — x). The moment with respect to B of these areas: 


I — X 


Rectangle, — Px{l — x) X 2 
r>n _ ^^2 9.(7 — ' 

Triangle, 


Px 


(1- x)\ (3) 


p{i - xy 2 (i - x) _ P(i - x) 
” 2^3 


Total moment = — ^ H ^ 


3 

Px^ 
6 ■ 




3Z% + x»). 


(I - x)^. (4) 

(5) 

( 6 ) 


IV. To find the deflection at any point by integration, the 
abscissa of the point will be called Xi and Formula XX applied. 


/ 


M{x — Xi) dx 


= — pj*x(x — Xi)dx = —pj'x^dx 


Ely 


r Px^ _ Pxix^ l ' 


L 3 


2 J 


Xi 


x^dx + P I Xixdx; 

PXi , Xi^ 

2 6 




Dropping the subscript, equation (7) becomes equation (6) 

Problem. 

3. If the deflection at the end of a cantilever due to a load on the end is 
1 inch what is the deflection at 0.4 the length from the fixed end? 

88. Deflection at the End of a Cantilever Due to a Load at Any 
Point. — I. Let a, Fig. 125, be the distance of the load from the 
free end- The remainder of the length is I — a; the moment 

(I — a)2 

triangle has an area — P -1 — L; and the moment arm with 

JU 

respect to the free end is 
2(1- a) 

3 


a + 


which reduces to 


2 Z ”f" a 


EIy= - P X = - ^{2V -ZFa-y a»). 


^max — 


6P/ 


{2P -ZPa + a^). 


( 1 ) 

( 2 ) 


Equation (2) is identical with equation (6) of the preceding 
article, with distance from the end represented by a instead of 
by X. The deflection at any point A of a cantilever due to a 
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load at B is equal to the deflection at B due to the same load at A. 
II. Taking the origin at the load, M = —Px, xi == —a, 

J*M(x — xi)dx = — pj^ (x^ + ax)dx = 

The limits are x == 0 and a; = Z — a as the bending takes place 
only in the part subjected to bending moment. 

Ely = -^[2(l-ay + Sa(l-ay'\ (2) 

3/max = (2Z + a) ^ + «*)• (3) 



Problems 

1. A 4-inch by 4-inch wooden cantilever 15 feet long has a load of 40 

pounds 5 feet from the free end and a load of 60 pounds 10 feet from the free 
end. Find the deflection at the free end due to these loads if E is 1,000,000 
pounds per square inch. Arts. 2.7 inches. 

2. Derive equation (3) by integration, taking the free end of the beam as 
the origin. 


89. Cantilever with Uniformly Distributed Load. — The mo- 

wx^ 

ment at a distance x from the free end is where w is the 

load per unit length. 


li 


Ik 

^ % 
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I. The entire moment diagram is the parabola, Fig. 126, the 

wF wP 

maximum ordinate of which is • The area is being 

wP 

the same as the volume of a pyramid of base — and altitude L 
^ - 3Z 

For the center of gravity x = which is the same as the distance 
of the center of gravity of a pyramid from the vertex. 



T?T — V/ 3 Z 

Elyxn&x — X 


wP 

8" 


Vm&x — 


Wl^ 


Wl^ 


8BI 8 El 
where TT = rcZ is the total distributed load. 


( 1 ) 

Formula XVII. 


n.p 



Cx^ 

"x 

1 

p 

=z 

1 TT = 

— w - 

= 

— w— = 


j 2 

J 

0 

8 


Elyu 


(2) 


Vxa&x 


Wl* 

8 El 


WP 
8 El 


(iuAi-. vni] 


DKFIA'K'TION IN UFA MS 


in. I'ho lower (liannim of Fig. 120 roproHont-B t.ho moment 
hef vv(!tm the fixed ond and a point at a dwtanoo * from tho froo 
end. 'I'liiH diagram may I)o Hubdividod into three parts, each of 
which haH tho horizontal length of I — x. TIiohc are, tho 

nH*ia.iigIo of lioiglifc ^ ’ tho triungle of altitudo wxil — a*), and 

the lower figure of altitude-- 2 ’ which m equivalent to a 

parabola. 


Artni 

Motnmii »rrni 

Minurnt 


l-x. 

wxKi ~ xy 

2 

2 

. ^ 

wxil — x)* 

2{l - x) 

wx(l -■ x)* 

2 

3 

3 

w{i ~ xy 

3(/ - x) 

T/>(/ - x)« 


'24 ^ 

’24 /';/ ““ 


IV* With the origin at the froo ond, 


•njr njf/ \ / \ 

w .. M{x-- ;rt) (x --- 

z z 

Ely ^ --2 [4 “ 

My - -2(4 ” :i " 4 a)- 


TO f a:* xia!* ' 

2 4 a *i 


Dropping tho BubHoriptH, 

TO 

y “ -.M l 


TO 

Mei 


3^-4 />* 




Problem 


How (loon tho (kvflodtion at tho cmd of a oantfilovor duo to a load tiuiformly 
diitrilnitod, ooniparo with tho doflootion dues to a load on the ond, if tho maxi- 
mum flhcir itrew is tho fiamo in both oasoi? 

90. Cantilever with Distributed Load on Part Adjacent to Fixed 
End.— L In Fig. 127 the portion of length a from the free end 

is not loaded. The area of the moment diagram is — — 

ii 



[Airr. i»l 


162 muirmaTii of mateejalf. 

andthemoEient arm of the area with rcvsiXH^t to the end of the 
beam is 

, 3 f. . 3 1 + n. > . 


w 

2AEI 


3 1 “'b n. 

(1) 

4 

ay ^ az + n 

^ 4 ’ 

(2) 

8 ?a -f 0 IV ” «*), 

CJ) 






r/nti 

n — Z£Z 

K i: - (I. - >j 


^ """" ■ ‘ ' 

^siifeSi 


Fi<}. 127.— Cantilever with distributed load over part of length. 
Problems 

1. If a ^ L show that th(5 <lefleetion at t.he free tu»l is 

7 wl^ 

2. Deprive the fornuila for Uui defleeticai if the length a from th«^ fnw end 
has a load of w pvv unit length and the rernairuier is not hjach'dw 

91. Beam Supported at the Ends with Load at the Middle.— 
From symmetry it is evident tiuit the beam is heri^sontal at the 
middle. 

I, The area of the triangle FEO, Fig. 128, which represents the 

EE 

moment from the left end to the middle, is and its center of 

gravity is from the left end. The deflection of the left end up- 
ward from the tangent at the middle is given by 

... PE^l PE 

IJym»x == X ^ (1) 




(1) 

Forniulii XIX. 




Chap- VIHI 


DEFIJWTION IN EKAME 


The slc>|)0 of tho tangent at tlio riglit end may l>e calculated 
l)y means of tho whole moment diagmnu To find ACf which is 
the delloetion at tho loft end from tho lirm CH whi(ih is tarigent 

to tho beam at tlie right end, tihc area of tho two triangles is ^ 


and tho moment arm is that Ely 


Dividing by i, 


tlio Hlo|)e is found to bo 


Id Kr 



ELASTIC LINE 




ir 


^ ASEA 4 abka 




{L . MOMENT 


Fm. 128 . B(mm mippcHOul at IihmI st mHidU'. 

IIL The moment diagram is made uj) of tho recdimglo of alti- 
tudo ^ and tho triangle of altitude 2x2"^ /* ' 

<*ac*.h iH !j^ ^ X, Multiplying tlio area of tho rcudangle by one** 

lialf its base and tho area of tho t.riangle by two4hirds its base, 
and adding, 

wry' -= "<■ (2 - 4H 

where y' is tlio dcdecUoti upwuni from the tangent at tho initlcUe. 

To find y, tho dofloci.ion downwanl from tho position before 
tlio load was applied, Formula XIX is a<l(lod to y' frott» ocpuitiou 
( 2 ), 


R 


STHENGTII OF MATEHIALF 


lAiff. il~» 




l(i4 


P /,1 r>/3 />/'.' r /'r-' 

y “■ “48/!.7 "^48/';/ 1 «/'-'/ * li! A7' 

/'j;’ _ PFx 
''^""l2/(,7 KiW 


( 8 ) 


(- 1 ) 


Problami 


1, A 4-inoh !>y (wiioh woodtni lu^nni rcntn on i4Up|K»rtH 20 1^4. afiiirt, 
Wiuni a load of 0(K) pourulH in applicul a(. ihtt ntiddlo, tho daflootani at tho niid- 
(llo in incroai^cnl I in(4i. Find /'/. 

1,440,(KK) |Hnmdn por aqniirt^ inrh, 

2, A boani rcHtn on two BnpportH at a dintanoo I apart anci <)varhan^H ono 
support a distanco a. How much ih the ovorhauKinK end elevated wlum a 
load P iH placed on the middle of the apan? Holve hy means of the moftteni 
triangle. 


92. Beam Supported at the Ends with Uniformly Distributed 

, ivlx 

Load. "The moiuont. ut a distanoc x from tlus loft wtiptHU't -• 

‘IVX ^ 

2 • 'I’liOHC torms arc shown scparatuly in tlio lowor tlinKram of 

Fig. 129. Tho second term is tlic snino as that of a cantilever 
witlv a unifontdy diatrihntod load, and the first term is that of a 
(;antilover with a concentrated load on the end, Init ojijiosit^j in 
sign, since tho reaction is upward. From aymmedry t he tanunnt 
is horisiontal at tho middle, and the <loflection at any point Ufv- 
ward from this tangent may ho calculated hy comhininji: the two 
cases of tho eantilcvor with tho proiwir signs. 

If the distance 2 i” »' 0 *iMiircd downward fr»»m the line ,, • 

tlH5 i-omain<lor gives the parabola FFl> reproHcnting the entire 
moment. In some cases it is convenient to use this single 
parabola in calculating tho deflection, hut generally it is l»ttorto 
use the separate figures of the lower diagram. 

I. 'ro find the deflection of the left end upward from tho tan- 
gent at tho middle by means of KFG (see 'ruble XXI 11), 


FfVttiM 


24 ^8^2 m’ 


(1) 


Vn\Ax 


5 wl* 
884 El 


r>wp 

884 ET 


Formula XVlfl. 


in. The deflection at some point, such as L, Fig. 129, from the 
lino AB is computed by first fouling its v<'rtical (listanci* y' from 
some tangent lino AC and tho distance of this tangent from AB 




(hlA^^ Villi 


DMFIM'TION IN HU A MS 


In Fig. 129 AC in tangent to the cIuHtic lino at the origin. Ttio 

CH 

ciintanco NK mx, where m is the slope, m — — ^ ^ if CB is 

luoaHurod upward To got CH by area nionientH by means of tlu^ 
Hc^parate diagrams of Fig. 129, the moment is (calculated with 

wl*^ 

respect to the right end, for the triangki of l)aB(c i, altitude ^ , and 
area ^ , ami the parabola of base i, imiximum ordinate — ^ , and 

w P^r Unit Imigth 



..ELASTIC LINE 


« ' si/r ‘^yii ! I i I ! ii 1 1 I f 

AREA • i ‘i "P 

> p net® ‘^^iliil 4; 

' <! " moment””’ 

•4 a? >K n:*. ■ 




.was® Lm” 
S 


Fhj. 129.- B(iarn supported at (*ndH, dmirilHitcd load. 


and are and ^ respectively. 


wP ^ I ^ I wl^ 

‘"4 ^ 3 ir ^ 4 "" 24 » 


y * CH » slope « m 



f h u*r, IKI 


30(5 STRENGTH OF MArKRlMS 

The (liBtaneo KL - J/' in found in the wune way uninK tlie tnanRlo 
and parabola of baw'. x, 


wixA X it'X’' x 
E/y' - X .j - ,j X .j 12 24 ' 

, 'wLr' __ w’^'* _ 

F “ 12 El ’i-t KI' 
v'Fx- 
21 /-;/■ 


NK — mx. « 


(4) 

(f*) 

(d) 

(7) 


NK + y' » V -• " o’u-;/ 

'I’lio dc^flee.tion y ia poHitive upward; NK ia iii<*asur<«l from N, and 
is therefore negative, while Kh{ v') ia poaitive, bemM: mcamired 

IV\" To find the dtdleetion of any point uim'ard from the tan- 
Kcnt at the middle, 

(H) 
(«) 
( 10 ) 


Mix. - Ti) {lx - X^) (x - Ti). 
/<; 


Fly' - I J(lx^- -r" “ i 


Fly' 


v)\ lx^ 35^ Ix^x- , J-iJ-’p 

d 


2 I d 


HubfititutiuK the limita and droppiug the HidmeriptH, 


, r)wl* wFx . wlx.^ tax' 

“ dH.1 " 24 12 24 ‘ 


( 11 ) 


To fiml y, the delleetion tlowuward from AH, the defleetion at 
the middle, whicdi is - w lulded to y' from (11), am! the 

result is fotmd to be the same as in (7). 


Problem* 

1 Fiml Cli by area iiieini'iitH UHina the diiinrntn Kh'l> i>f Fir, I'JU. 

2 . Fi„,l l,h<, slope ot the taiiReat at the left en.l by .lilTerentmimR equa- 
tion ( 7 ). 

93, Beam Supported at the Ends, Load at Any Point between 
Supports.“-In Fig. IdO the moment <liagram fonHisls ()f tlie iww- 
tive triangle of base I and l,he negat ive t riangle fd I uise h. 

I. To find t.he defleetion tinder the load from the hue AH, tho 
slope of AC is first dotonnined- If y' •“ HC, 





rk X 


AREA 

s: 


MOMENT 


r'^.AREA./’J'i 
'^V 


■j* 


Fii). i:U). Bmiiiv with Itintl at any point. 

Under the load, 

Ely' 


JW ^ a 
'21 ^ :i 


y SSI 'inn + y' 
Pba 




IW 
Of ■ 

Pba > 1 ^ j 5j. I PbiP 

^ * i\En’ 


y~~ ium 

III. At a distance x from the loft (m<l (if x is less than a), 
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To find the point of maximum deflection from the derivative of 
(7), 

- + 52 + 3 = 0, (8) 

la^+2ah 


If a is greater than b, x is less than a and equation (9) gives the 
true location of the maximum deflection. If a is less than h, x is 
greater than a indicating that the maximum deflection is beyond 
the load. In that case x does not locate the point of maximum 
deflection, since equation (8) is not valid beyond the load. 

94. The General Moment Equation. — Fig. 120 represents 
a beam with a load uniformly distributed which overhangs 
its supports. For the part between the supports the general 
moment equation may be applied. In this problem the moment 


M = -iS + Ux-Y (1) 

The first term is the horizontal straight line; the second term is 
the line AB, and the last term is the curve DF. 

To find the slope of the tangent at the right support by means 
of the deflection of the left support B from the tangent line, 

Ely = 6,300 X 20 - 1,440 X 15 - 4,500 X 22.5 = 3,150, 
3,150 -i- 30 = 105, 

which is the desired slope in terms of El. 

In a similar way the slope of the tangent at the left end is found 

to be 

The deflection at the right end is found by combining the 
equations for a cantilever with uniformly distributed load and a 
cantilever with a load on the end, and subtracting the sum from 
the elevation of the tangent. 

III. To find the deflection at any point between the supports 
by means of the diagram, it is convenient to first get the deflection 
from the tangent at the left support. The moment arm for each 
figure is the distance from its center of gravity to the ordinate at 

the right. This distance is ^ for the triangle of base rr, and ^ for 

the parabola. 
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Triangle 

Area 

7 x* 

Arm Moment 

X 7x® 

3 3 


Rectangle 

-48 X 

X 

2 

-24 X* 


Parabola 

x^ 

■6 

X 

4 

X* 

■ 24 



The term due to the slope is — 255 x so that the deflection from the 
horizontal line which joins the supports is given by 

Ely = 1^-^- 279 X. (1) 


96. Stiffness of Beams. — The stiffness of a beam is the recip- 
rocal of the deflection. The stiffness of a beam may be defined 
as the load which will produce unit deflection. It is not cus- 
tomary to express stiffness in this way; it is generally used as a 
relative term. 

In the expression for the maximum deflection of all the beams 
which we have considered, the terms E and I occur in the denomi- 
nator. The stiffness of a beam varies directly as the modulus 
of elasticity and directly as the moment of inertia of its cross- 
section. The moment of inertia of a rectangular section varies 
as the cube of the depth, consequently the stiffness of a rectan- 
gular section varies in the same ratio. All the expressions for 
the maximum deflection contained the cube of the length in the 
numerator. The stiffness of beams of the same cross-section 
varies inversely as the cube of their length. 

Problems 

1. How does the stiffness of a 4-inch by 6-inch beam compare with that of 
a 4-inch by 4-inch beam of the same material? 

2. How does the stiffness of a 4-mch by 6-inch beam with the 6-inch side 
vertical compare with that of the same beam with the 4-inch side vertical? 

3. How does the stiffness of a 2-inch by 12-inch beam 15 feet long compare 
with that of a 2-inch by S-inch beam 10 feet long? Which is the stronger? 




M 

’\ 



(^HAITKR IX 

BEAMS WITH MORE THAN TWO SUPPORTS 

96* Relation of DelBiection to Stress.-’ In beiuim wiili turn 
supports, including cantilevers, the inonnuitH mid ftlHU’ stremses 
may bo computed with no rcfereiuHi to tlie deflc(!f ion. When 
there are more than two siiiiports in tlie sanu! plane, tlie pnihlem 
of finding the reactions in an almoliUvly rigid body Huhjeiied to 
parallel forces is indeterminate. In elastic iKidies (and all bodies 
are elastic) these reactions may bo calculntisl if thc^ fHpiationH 

of the elastic lino arc^ taken into 
account. ( 'onHctpiently a knowledge 
of these e(|uaiionH is indisfamsable 
for calculation of Hitrmm except in 
the simplest cases. Hince the unit 
stress is the most important factor 
from an engineering standpoint, this 
accounts for the prominence given 
to the ecpiations of deflection. 

97. Beam Fixed at One End and 
Supported at the Other. Fig. 131 
reiiresents a beam fixed at tlie right 
end and supiiorted at the left iinrl, 
with the left end just touching the 
line whiidi is tangent at the right end. 
The loa<l is uniformly disirtbuiiKb 
If the left support is removial tlici 
beam becomes a cantilever, and the deflection down wart! at the 

left end (Formula XVII) reaction H, regarded as 

a load on tlm end of a cantilevc^r, must be suHicient if) deflitci 
the left end \ipward an ecjual amount. 



Fio, 131. licam fixed atone 
cuid an<l supporOul at the other. 



wl*‘ 

li * 

:i ml 8 ir 

(1) 

zm 

> I 

8 A’/ 

8 H 

With this reaction known. 






'mix 

8 

"■ 2 ■ 

(2) 
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The equation of the elastic line is easily found by integration or 
by combination of the equations of a cantilever with a reaction 
at the end and a cantilever with a uniformly distributed load; 

y = - (2x^-3 Ix^ + l^x) (3) 


Problems 

1. Draw shear and moment diagrams for beam fixed at one end and sup- 
ported at the other. Find the moment at each dangerous section from the 
shear diagram and compare with the result from the equation of moments. 

9 Wl Wl 

Ans. Moment at dangerous sections, 'g" 

2. How does the greatest moment, numerically, compare with that of a 
beam supported at the ends? 

3. Find the position of maximum deflection and the value of this maxi- 
mum deflection. 

Ans. Point of maximum deflection is 0.4215 I from the left support. 
Differentiating equation (3) and equating to zero, 

8x^ - + U -- 0 . 

Since the beam is horizontal at the wall, x = I must satisfy this 
cubic. Division by the corresponding factor, x — I, gives a 
quadratic. Explain the meaning of the negative root. 

98. Two Equal Spans, Uniformly Distributed Load. — Fig. 
132 represents a continuous beam of two equal spans, each of 


< 

21 


> 





i 





<-0.42151 -A 

p— - 

— 



Fig. 132. — Beam with three supports. 


length 1. If the second support is removed, it becomes a beam of 
length 2 I with two supports and the deflection at the middle is 
5 w(2 

The reaction at the second support, when the three 

supports are in the same straight line, must be equal to the load 
at the middle of a beam with two supports which would cause the 
same deflection. 

R2{2iy 5w(2iy 
4.8 El 384 FI 

„ 10 wl 


8 


( 1 ) 

( 2 ) 
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[Art. 90 
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The total load being 2 wlj it follows that Ri + Rz = and 
from symmetry Ri = R$ = 

It will be noticed that the end reactions are the same as in 
Article 97. From symmetry if is evident that the beam is 
horizontal at the middle support, so that each half of the beam is 
equivalent to a beam fixed at one end and supported at the other. 


Problems 

1 . A e-inch by 8-inch wooden beam 20 feet long is supported at the ends 
and at the middle and carries a load, including its own weight of 480 pounds 
per foot. The end supports rest of footings 1 foot square. What should 
be the area of the footing for the middle post in order that the settlement of 
all shall be equal? What is the maximum fiber stress? 

Ans. Fiber stress, 1,125 pounds per square inch. 

2 . In Problem 1 what will be the reaction of each post if the middle post 

settles 1.5 inches below the line of the others and E is 1,500,000 pounds 
per square inch? Ans, 2,800, 4,000, and 2,800 pounds. 

3. Where will be the dangerous sections and what will be the maximum 
fiber stress at each in Problem 2. 

Ans. 1,531 pounds per square inch at 70 inches from the ends. 750 
pounds per square inch over the second support. 

4 . Solve Problems 2 and 3 if the end supports settle 1 inch below the 
second support. 

6. What would be the maximum fiber stress if the beam is cut in two and 
merely rests on the second support? 


99. Beam Fixed at One End, Supported at the Other, Load 
Concentrated. — The deflection at the end of a cantilever due to a 
load P at a distance a from the free end is given by equation (1), 
Article 78 and equation (2), Article 88; 

y = —~{2P -ZPa + a^). (1) 


The end reaction which will prevent any deflection at the end 
must be equal and opposite to the load on the end which would 
produce an equal deflection, Fig. 133. 


RP 
3 El 


R 


QEI 

P 


i2P -3Pa + a^)- 




( 2 ) 

(3) 
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'I'lio (lofloction at any point may bo found by combining tiio 
formulas for a cantilever or by integrating: 

Ply - - {P - *=*) + il - n)», (4) 

from X - 0 io z a; and 

(ia _ *2) + (/ - a)* -- (j: - «)“, (f)) 

from X a to X L 


K 




- I 






MOMENT 



'Vi' '■ 


Fio. liontti flxml nt enw <‘n(l an<l mipportcd ut <»th(’r, Iciml corH’^ntmtcHl. 


Problems 


1. If a * fiml ilui readiton at the support autl tlu^ uuiinout untlor the 


load arid at i\m fixotl and. 


/l7W. R 


5P 


%^undar load; M 


lUH 

16 


at fixod and. 


2. A 2“inah by woodan lamm in wamraly alarnpo<l so that H foot 

projaais an a aantilav(*r. frao and r<*HtH on a platform saala. Whan a 

load of 20 poundH is plaaad 3 foot from the HU|)portad tnul what is tha in- 
oroaso in tho sesaio roading? An«» 9.28 pounds. 

S. In Prohlam I wlmro is tho point of oountarfloxuro? 

4. A iKsam 20 hsot long is supportod at tho onds and at thfi rniddlo and 
(mrrias a distrihutad load of 40 pounds par foot and two syinmotriaally 
placunl loads of 300 pounds aac’li, 4 foot from tho onds. Find tha raiiation 
at «»aah support and tha momant at aaah dangarotis saation. 

Am, Ml « Ih ^ 270.6 pounds; ^ B40.8 pounds; M *« 79H.4 foot** 
pounds at 4 foot; M •« — 1,004 foot-pounds at 10 foot. 
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100. Beam Fixed at Both Ends, Uniformly Loaded. — For 
uniformly distributed loading the general moment equation is 

M == Mo + Vox -- (1) 

At each end the deflection is zero and the tangent is horizontal. 
From symmetry it is evident that the shear at each end is one-half 

the total load, Fo = ^ 

(In this article and others following, the deflections will be 
calculated by the method of double integration and also by the 
method of area moments. The reader may omit either one of 
these methods.) 

DOUBLE INTEGRATION 

EI—-Mo + -^ ^ ( 2 ) 

^ + "4 ^6" + 


= 0 when rr = 0, hence Ci = 0; 


from which Mo 


0 when x — I, 


If the deflection is desired, 

Wpx’^ , wlx^ WX"^ , r/^ 

Ely = — oi- + + IC 2 = 0]. 


W H - ccy. 


Vm&x — 


24: El 


Z84 El ‘MEI 

AREA MOMENTS 


To find the deflection at the left end from the tangent at the 
right end, Fig. 134, 

+ ( 8 ) 
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To find tlio dofloction 3,ti distS/iico x from Ipff on/^ f *.u 

«, m lefle^. usetheareaaU”he‘cSjfLt;l?l!J: 

this “ommts of these areas with respect to 


Ely X- - Wic® a; 

4 ^3 12^2~T'^4’ 

EIv = wx^ 

12 ~W ~ 2 T' 



( 10 ) 

( 11 ) 


ir'roblems 

moment at the 

2 . Find the points of inflection. 4ns 0 2t 1 / «r,4 n -roe 7 

beam -■ 

so that the maximum moment wiU be somewhat greater than g and prob- 
ably less than -g-. It is customary to use an intermediate figure and assume 
that the maximum moment is 
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101. Beam Fixed at Both Ends, Concentrated Load at Any 
Point. 

DOUBLE INTEGRATION 

Fig. 135.— 
Beam fixed 
at ends with 
concentrated 
load. 


From left end to loadj 
= M, + Fox. 




( 1 ) 


+ [Oi = 0]. (3) 


Ely = — +-^ 


+ [C,=0]. (6) 


From load to right end, 
= ^0 + Fox 


^4 -"•=’+ 2 


P(x — a). (2) 

Fox^ 


P(x — a)^ 


+ [C3 = 0].- (4) 


0 = 2il4oZ + FoZ" 

-P{l-ay. (5) 

Ely = 


2 ' 6 
.P(x — a)? 


6 


+ [C4 = 0j (7) 


0 = 3 + Fo?= - 

P (Z - (8) 


From (5) and (8): 


Fo = 


3P62 2P6» P&2 


P 


P 


Mo = 


P 


(^-¥) 


Pah^ 

'~P~' 


( 9 ) 


( 10 ) 


These values substituted in (6) and (7) give the deflections to the 
left and right of the load, respectively. 


AREA MOMENTS 


To find the deflection of the left end from the tangent at the 
right end, Fig. 136, 

Ery = o^M4xl + YxT-f {>-!)■ (”) 

3 iWoZ' + 2 VoP - PhHi I - b) =0. (12) 
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To find the deflection of the right end from the tangent at the 
left end, 

Ely =.0 = Mol + (13) 

3 MoP + VoP - Pb^ = 0. (14) 


From (12) and (14): 


Mo - = 


Vo = 
P¥ 


P¥ 




(l-b) = - 


Pb^a 


p v*- - p 

To find the deflection at a distance x from the left end, 

,, .. a; , Voa:* x Mox^ , 7oa:* 
Ely = Mox X 2 H Y~ ^ 3 ” ~~2 ^ 


(15) 

(16) 


if X is not greater than a. 



ELASTIC LINE 



P{x 


Beyond the load, the term 

Mox® , Vox^ 


- - -- - X is subtracted, 

Ji O 


P{x - ay 
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Problems 


I 


1. If a = 2 ’ filial the moment at the wall and under the load and find the 
shear at the wall. 

FI PI 

Ans. M = — g at the wall; Af = at the middle. 

2. In Problem 1 what is the deflection at the middle? 


Ans. 2/inax ~ 


PF 


192 El 

3. How does the deflection and maximum stress in a beam fixed at the 
ends and loaded at the middle compare with those of a beam supported at 
the ends and loaded at the middle? 

102. Theorem of Three Moments. — The methods of the pre- 
ceding articles may be applied to any number of spans or to 
any number of concentrated loads. However, when it becomes 



necessary to write more than two moment equations and solve 
for the corresponding constants, the work becomes laborious. 
When, as is usually the case, it is desired to find the moments, 
reactions, and shears, without getting the deflections, the theorem 
of three moments is of great use. 

The theorem of three moments is an algebraic equation which 
expresses the relation of the moments at three successive sup- 
ports of a continuous beam in terms of the length of the interven- 
ing spans and the loads which they carry. In Fig. 137, the 
moments over the supports are represented by Maj Mh, Me* 
The length of the span from support A to support B is li, and 
from jB to C it is h- Fig. 137 represents a uniformly distributed 
load of Wi pounds per unit length for the first span and pounds 
per unit length for the second span. The subscripts a, 6, c, 
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represent the order from left to right and may be applied to any 
three 'points in succession. The same is true of the subscripts 1 
and 2 applied to the spans and the unit loads. 

The shear adjacent to B on the side toward C is designated 
by Vbci on the side toward A by Vha- 

103. Theorem, of Three Moments for Distributed Loads. — 
DOUBLE INTEGRATION 

Taking the origin of coordinates at the second support and 
considering the second span, 




Mb T^bc^r 


iJig = Mbx + ^ + Ci. 


The slope of the tangent at the support B is 

^ MbX"^ , VbcX^ W2X^ , ^ , r, 


+ Cia; + [C2 = 0].^ 


At X = hj y == 0, 


Mdi I \ n f\ fA\ 

+ + = (4) 

From the general moment equation, 

= Vuh - (5) 

Substituting Vbc from (5) in (4) 

2 + Moh + ^- + 6 Cx = 0. (6) 

Using the span from A to B with the origin at B and x running 
from right to left, 

Mall + 2 Mbli H — ^ + 6 Cs = 0. (7) 

Cz 

' The slope of the tangent at B, going from right to left is 

so that C3 = “ Cl, if the beam has uniform section throughout all 
of both spans. Adding (6) and (7), 

Mah + 2 Mbih + I 2 ) + Mch = -34 (wdl + W 2 II). ( 8 ) 

Equation (8) is called the theorem of three moments for dis- 
tributed loads. 


i 
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AREA MOMENTS 



Let m be the slope of the tangent to the beam at support B. 
This tangent is at a distance ml\ below support A and at a dis- 
tance mh above support C. 


To find the deflection at A, 
h , Vadl 
2 ' 2 
12 Mah + 8 VJl 


Ely = ikfJi X ' + 


^ 3 


Will ^ 3 h 
6^4 
3 W]ll — 24 Elm = 0 


— Elmli = 0, 
(9) 


To find the deflection at C, 

h I Vbcll h 


Ely - Mbh X + - 


V-hll h 


X X + 

6 4 


2 ' 2 3 

12 Mbli “1“ 4 T^&c^a — w*il^ -f- 24 Elm = 0. 


0, 

( 10 ) 


From the general moment equation, 

Val>ll = Mb - Ma + 


Will 


Substituting for Vab in (9) and for Vbo in (10), and adding, 

4 Mah + 8 Mbh + Will - 24 Elm = 0, 

8 Mbl 2 “4“ 4 Mcl 2 "t" w^ll “h 24 Elm = 0, 

4 Mdi + 8 Mb(li + ^ 2 ) +■4 Mch + Will + W 2 II == 0. 

Mah + 2 Mb{ll + h) +MJ 2 = ““M (Will + W2ll)‘ (11) 

Equation (11) is the theorem of three moments for uniformly dis- 
tributed loads on a beam of uniform section. 

-.|l04. Calculation of Moments for Uniform Loading . — The 
theorem of three moments is an algebraic relation between the 
moments over any three successive supports of a beam of uniform 
section, provided these supports remain in a straight line when 
loaded. For a beam with three supports, one equation may be 
written by the theorem, and it is necessary to know two of the 
moments (or to have two other independent relations) in order to 
solve the problem. For four supports two equations are written, 
the first one for supports 1, 2, 3 in order as .4, jB, C, of the theorem, 
and the second for supports 2, 3, 4. For five supports three 
equations are written. In every case there are two more 
moments than there are independent equations. 

If the spans are equal and the loads per unit length in the two 
successive spans are the same, the equation ophree moments 
becomes: 

wl^ 

”"‘2 


Ma “f" 4 Mb ’4" Me 


Formula XXII. 


(■ 


f > 


■ i 

4 
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Fig. 138 represents a beam with four supports and three equal 
spans with no overhang, with a load w per unit length. Eepre- 
senting the moments by the subscripts 1, 2, 3, 4, as they refer to 
particular supports as well as to the order of arrangement, the 
equations are: 

o/i/2 

Ml + 4 Ms + M 3 = - (1) 


Ms + 4 M 3 + M 4 = - 


2 
wl^ 
2 ' 


If the beam does not overhang the end supports, Mi 
M 4 = 0. Solving the equations 

7/)/ 2 

ilf, = M, = - 


MOMENT 0 

- wl^ 
m 

w 

0 

SHEAR 




4< 4 -— 



1 >j 


-V/ // 






M 


za 




( 2 ) 
0 and 


Fro. 138. — Beam of three equal spans. 

Problems 

1 . Find the moments for two equal spans, with uniform loads on both, 
with no overhang at the end supports. 

Am. =. 0 , M 2 = - g-; Mz - 0. 

2 . Find the moments over the supports for four equal spans, with uniform 
loads on each and with no overhang. 

Ans. Jlfi = 0, Afj = - M s = - ’ Mi = Mi, Mi = 0. 

3. A uniformly loaded beam has two equal spans of length I and over- 
hangs the left support 0.2 I and the right support 0.4 1. Find the moment 
at each support. 

Ans. Ml = — 0.02 M 2 = —0.10 wl^; Mz — —0.08 wl^. 

4 . A beam weighing w pounds per foot rests on foiir supports so as to 
make three 10-foot spans, and overhangs the left support 4 feet and the right 
support 2 feet. Find the moment at each support. 

Ans. Ml = — 8to; ikf2 — — M3 = —lO-u?; M4 - —2w. 

6. A uniformly loaded beam 18 feet long is supported at the ends and 8 
feet from the left end. Find the moment at the second support. 

Ans. —10.5 w foot-pounds. 

6. A shaft 30 feet long, weighing 10 pounds per foot, is supported 4 feet 

from the left end, 16 feet from the left end, and 6 feet from the right end and 
carries 60 pounds 1 foot from the left end. Find the moment over each 
support. Ans. —260, —26, —180 foot-pounds. 

7 . A uniformly loaded beam rests on 'three supports so as to have two 
equal spans with equal overhang on each end. What must be the ratio of 
overhang to span if the moments at all supports are the same? 

Ans. Overhang 0.408 of the length of span. 

/ ' 






2(72X4 X 2 
2CT/ ^ 
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106. Calculation of Total Vertical Shear and Reactions. — 
If the moment at support B at a distance h from support A which 
is taken as the origin, be written by means of tlio general moment 
equation, 


Mt. 




Ma + V abh 
Mb - , 


Will 
2 ’ 


( 1 ) 


ilhh 


h ' 2 

Fa!, is the shear just to the right of any support; 

Jtfn is the moment at that siippoi’t, luid M), at the next one; 
Will is the total uniformly distributed load between these 
supports. 

In the ease of !i beam with four suppoi-ts and three equal 
spans with no overhang (Fig. 1H8) at the right of the left support, 


Ft. 


10 

I 


4- 


wl 

2 


0.4 wf - 0.4 IF. 


At the right of the second support, 


Fa 


+ “2 W. 


In the Biunc way, Vu - wl - O.G . 

138 given the niornont.H over the siipportB and the shears 
to the right of oacdi support for tlic case of throe equal spans. 

Problems 

1. < !al(uiliit(^ the slu^ar to tho riglil. of (uich mipport in Prohloxn 2 of Article 
104. 

, .. Mwl ^Bwl -- ISaiZ 17 wl 

AriH. Vn « “^28 ' " 2H""' ’’"”28"'* " -»~. 

2* (^nUuilatd^ tho vertical shear to tho right of each support in Problem 3 
of Artielo 104, 

Am. 0.42 wlf 0,52 wL 

! The shear at tho left of any support is obtained from the shear 
at the right of tho prcco<ling support by subtracting the inter- 
I vening load, according to the definition of vertical shear. Tho 
shear at the left of tho second support in Fig. 1.38 is —0.6 wl, at 
the left of tho third suppoi-t, —0.5 wl, and at the left of the fourth 
support, —0.4 wl. 

f ' ci ' - . 

■ ■ ' . , ' '4.^ r,.' 



The reaction at any support is computed by subtracting the 
shear at the left from the shear at the right of the support. 

Fig, 139 gives moments, shears and reactions for a beam with 
four equal spans uniformly loaded with no overhang. 


N SHEAR 

Fig. 139. — Beam of four spans. 


Problems 


3. Show that with three equal spans, uniformly loaded, the reactions are 
0,4 wlj 1.1 wl, 1.1 wl, and 0.4 wl. 

4. Calculate the reactions in Problem 3 of Article 104. 

Ans. 0.62 w\ 1.10 wl, 0.88 wl. 

6. From Fig. 139 locate the points of counterflexure, 
ife. A beam carrying a uniformly distributed load rests on three supports 
spaced 10 feet apart. How much should it overhang the outer supports in 
order that the reactions at all the supports shall be the same? Ans. 4.4 feet. 

106. Theorem of Three Moments for Concentrated Loads. — 
Fig. 140 shows a continuous beam with a load P in the first span 
at a distance a from the first support, and a load Q in the second 
span at a distance c from the third support. If m is the slope of 
the tangent over the middle support, the deflection over the first 
support is 

n 7 , .. 

Ely = 0 = -mh + -K- H — o ' s. X 


0 = — 6?ra -J" + 2iV abL\ 


2Pili - a)® 

k 


3Po(Zi - ay 
h 
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From the general moment equation, 

M, = JW„ + - Pih - a), 

2 VJi = 2^611 - 2 MJx + 2 P(k - a), 
which substituted in (2) gives, 

0 = — 0'ni + MJi A~ 2 Mbh + ^ (3) 

The deflection over the third support is found in a similar way. 
I^xpressing the inoinont in the second span in terms of the shear 
at the third support. 

0 — (> ‘in ”4" Mrt* 4* ^ 4” ^ ^ ^4) 

12 



Fkj. M(). -~('ontiuuouH boani with concdutraiocl loadH. 

Adding (3) and (4), the theorem of tlirec moments for single 
(;oncenti*ato(l loads is, 

Mah + 2 M„ih + h) + M,k = - ~ 

r,i 

h . 

The first inemher of (5) is the same as in the theorem for uni- 
formly distributed loads. For distributed and concentrated 
loading combined it is necessary only to add the second member of 
(8), Article 103, to the second member of (5) above. 

If there are more than one concentrated load in any span, it 
is taken care of by an additional term in the second member of 
the equation. For uniforndy distributed loads combined with 
more than one concentrated load, the general aquation of three 
moments is, 

MJx + 2 M,ih + Id + MJx = - - 

V -QM _y Qc ill - Cd 


'} 
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where 'EPa{ll — a^) is the sum of the terms Piai{ll — af) + 
P 2 Ci 2 (li 0,1) +> Pi is the first load at a distance ai from the 
support A ; P 2 is the second load at a distance aa from A, etc. 

In the second span, Qi is the load at a distance Ci from support 
C; Q 2 is a load at a distance C 2 from C; and so forth. 


Problems 


1. A beam of length 2 1 is supported at the ends and at the middle and car- 
ries a load P at a distance g from the left end, and an equal load at the same 


distance from the right end. Find the moment over the middle support and 
the reaction at each support. 


Ans. M = 


4: PI 
27 


] Ri — Rz 


UP _ 2^ 
27 ^ ““ 27 ■ 


2. A line shaft 22 feet long, weighing 10 pounds per foot, is supported at 
the ends and 10 feet from the left end, and carries 60 pounds 4 feet from the 
left end, 40 pounds 7 feet from the left end, and 50 pounds 7 feet from 
the right end. Find the moment over the second support and the reactions. 

Ans. Mi = — 29G.25 foot-pounds; Ri = 68.4 pounds. 


107. Deflection Due to Moments not Parallel to Principal 
Axis of Inertia, — When the bending moment was not parallel to 
one of the principal axes of inertia it was found necessary to re- 
solve the moment or the forces parallel to these axes before calcu- 
lating the fiber stress. 

In the same way, to find the deflection, the forces must be re- 
solved into components and the deflections calculated parallel 
to each of these two axes. The resultant deflection at any point 
is the vector sum of the components. 


Example 


A 2-inch by 3-inch wooden cantilever, 10 feet long, has the 3-inch faces at 
an angle of 35 degrees with the horizontal. Find the magnitude and direc- 
tion of the deflection at the end due to a load of 20 pounds on the end, if E 
is 1,200,000 pounds per square inch. 

The components of the load are 20 cos 35 degrees and 20 sin 35 degrees. 
The corresponding moments of inertia are 2 inches^ and 4.5 inches^, respect- 
ively. The deflection perpendicular to the 3-inch faces is 4.8 X 0.8192 = 
3.932 inches. 

The deflection parallel to the 3-inch faces is 

yI X 0.5736 = 1.224 inches. 


The angle 4> which the resultant deflection makes with the 2-inch faces is 
given by 

^ . 1.224 32 sin 35° 2 , 

tan 0 - 3 ^32 ~ 16 X 4.8 cos 35° “ 4.5 " 0.3112. 

4, = 17° 17'. 

Resultant deflection = 3.932 sec <i> = 4.118 inches, at 17 degrees 43 
minutes with the vertical. 
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Problems 

1. A 3-in(ih by 44nch wooden cantilever 5 feet lon^, is placed with one 
diagonal horizontal. Find the deflection at the end duo to a load of 90 
l)t)undB on the end, if E is 1,500,000 pounds per square inch. 

2. Two 6-ineh by 4-inch by l-inch anghis are phuiod with the 6-inch h‘gH 
v(^rtical so as to forni parallel cantilevers 10 fet^t in hirigtli. If tho 4-incli 
legs are in opposite direct, ions and awn,y from each otlu'.r, and E is 29,000,000 
pounds per sqxiare inch, how much will the ends separate wluui a load of 600 
pounds is platjcd on each cantilever? 

108. Deflection from Moments in More than One Plane.— 

When tho forces acting on a beam are not all parallel to one plane 
which passcB through tho beam, it is necessary to resolve the 
forces into components parallel to two axes which arc perpendicu- 
lar to each other and to the length of the beam. If the beam is 
circular, square, or of any other section for wliicdi the moment of 
inertia is the same in every direction, these axes may l)e taken in 
any convenient way. For all other sections the resolutions must 
bo made parallel to one of the principal axes of inertia. The two 
components of tho deflection at any point are calculated sepa- 
rately, and tho resultant deflection found from their vector sum. 

Example 

A 3-irich solid sliafl., weighing 24 pounds pt^r foot, is 10 feet long and is 
supporUnl at tho (uuls. A pulley wcigliing 160 pounds is 3 foot from tho loft 
end, and is subjoctod to a pull of 4()() pounds 30 dogrccjs below tho horizontal 
in a plane p(!rp(5ncli(5ular to the huigth of the shaft. Find tho deflection at 
the pulhy, if E is 29, 000, 000 pounds p(5r scpiaro inch, 

liesolving vertically, tho total vertical load at tho pulhiy is 360 pounds. 
TIui horizontal pull is 346.4 pounds. Tho deflections at 36 inchcis from one 


tsnd anr. 

From cent rated load of 3tK) pounds 0.0793 inch. 

From load of 2 pounds p(T inch 0.0381 inch. 


''flotal vcirtical dufli^ction 0.1174 inch. 


The horizontal deflection frorti load of 346.4 pounds is 0,0763 inch. 

Problem 

1- A 10-inch 15-pound channel 20 f(Hit long is supported at the ends 
with th<i web inclined 20 dcjgrecis to the vertical. It carries a vortical load 
of 300 pounds pc^r foot and a load of 400 pounds per foot perpendicular to the 
flange. Find the deflection and fiber stress at the middle. 


CHAPTER X 


SHEAR IN BEAMS 

109 Direction of Shear.— The total vertical shear in a beam 
is cakulated by the methods of Article 53 but this gives no 
Location in regard to the distribution of the shearmg stress 
in the section. In Article 30 it was shown that shearing stresses 
occur in pairs, and that a small block subjected to shearing stress 
of given intensity along two parallel faces is sub 3 ected to a sheai- 
ing^ stress of the same intensity along two other faces at ng 

^"^Fig. 141, I, represents a beam made by placing one plank on 
top of another. Fig- 141, 11, 
is the same beam under 
load, provided that the 
planks are held from slip- 
ping with reference to each 
other by being glued or 
bolted together to form a 
single beam. If the planks 
are free to move, they take 
the form HI, in which the 
upper plank is moved out- 
ward over the lower one at 
each end. Consider a small 
block B in the upper por- 
tion of the lower plank. 



liJL 

Fig. 141.— Horizontal shear in beams. 


tion of tne lower pmiuv. „ 

ThQ plank above this block has been displaced to the left. If 

they were glued together, the upper plank ^ 

a horizontal shearing stress upon the upper surface of the block^ 
To prevent rotation there must be a vertical 
left side The actual shearing stresses upon this block from 
the surrounding material, if the upper plank were glued to the 
lower, would take the directions of the arrows. 

The shear at the left of the block is vertically upward, which 
is the dTrection of the external shear. If a block were taken to 
the right of the load P, it would be found that the 
side is vertically downward, which is the direction 

187 
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shear in that part of the beam. One of the planks of Fig. 141 
may be thicker than the other, but the direction of the shear will 
remain the same. 

110. Intensity of Shearing Stress. — Fig. 142 represents a part 
of a beam subjected to bending moment and vertical shear. A 
small block is shown extending across the beam between vertical 
planes dx apart and reaching from the top of the beam to a hori- 
zontal plane at a distance Vz from the neutral surface. Two 



Fig. 142. — ^Horizontal shear in rectangular section. 



elevations of this block and the adjoining parts of the beam are 
shown in Fig. 142, III and IV, and an enlarged elevation of the 
block in Fig. 142, II. The block is in equilibrium under the 
action of the compressive stress on the ends (the rectangles whose 
diagonals are CB and GF), the vertical shearing stress on the same 
surfaces, the horizontal shear from the material below (on the 
rectangle GE), and vertical compression or tension across the 
base. 

Consider an element dA in the left end of this block. The 


unit c ompre ssive stress on this area is where Mi is the bend- 
ing moment at the section, and 7i is the moment of inertia of the 
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entire cross-BOction of the beam with rcBpect to the neutral axis. 
Tine total compression on the left end of the block is integral of 
the unit stress over the surface of the end. 


» (lA. 


Ml /•" 

Total (^ompreBsiori on left end — ^ I v < 

^ I Jr> 

M2 r 

Total compression on riglit end ^ \ v dA, 


( 1 ) 

( 2 ) 


The resultant liorixontal push on the block in the direction of 
the length of the beam is the difference of these integrals (1) 
and (2). If the section of the beam is uniform h ^ I2 and vz and 
C2 are the same for both expresBiona. The resultant horizontal 
pull (or push) becomes: 

M2 - Mt 


Resultant force 


-f\dA. 

J«S 


(3) 


This resultant horizontal force must be balanced by the hori- 
zontal shear at the bottom of the block. If the l)readth CB at 
the bottom of the block is h, the total area in horizontal shear 
is b dx, and the total shear is sj> dx. Kquating these forces: 


M, ~ Mi 1 

['vdA-, 

7 J 

h 

Mi - Ah f 

V dA , 

a 

lb dx J„ 


sj) dx 


Since Ma — M i is equal to dMj 

M2 - Ml ^ dM 
dx dx 

where K iotnl vorti(^al sliear. 

V 

* Ib 


== y. 


i-X'""'’ 


(4) 

(^) 

( 6 ) 

(7) 


where ecpials tlie unit Imrizontal shear at a distance Vz from the 
neutral axis and also equals the unit vertical shear at the same 

place. The tenti f v dA is the moment of the area of the end 


/ " 

of the block with respect to the noutnil axis. 

■j =3 X, ^ f V dA = T'A . 


( 8 ) 


When the area and location of the center of gravity of the por- 
tion of the plane section above the lino CE are known, the integral 
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may be replaced by the equivalent expression of (8). Equation 
(7) then becomes 

Ss = Formula XXIII." 

y ... 

The theory above has been derived for compressive stress. It 
applies as well to tension. It assumes that the unit stress varies 
as the distance from the neutral surface. It is valid, therefore, 
only when the tensile and compressive stresses in the outer fibers 
are within the proportional elastic limit. But the greatest shear 
is usually at sections where the bending moment is small and the 
bending stress is below the elastic limit, so that no correction is 
necessary for this reason. 

Formula XXIII gives the unit horizontal shearing stress in the 
beam. The unit vertical shearing stress has been shown to be the 



WEB 



I II 

Fig. 143. — Shear in curved sections. 


same as the unit horizontal shearing stress in a block subjected 
to shear alone. In a beam where the shear is combined with ten- 
sion or compression, it may be shown by means of the moments of 
the forces acting on the block BG that at a given point these two 
unit shearing stresses are practically equivalent. The unit hori- 
zontal shearing stress increases from the outer fibers to the neu- 
tral surface, and the unit vertical shearing stress changes in the 
same way. 

Formula XXIII gives the average unit shearing stress in the 
plane GE of Fig. 142. If the section is not rectangular, the unit 
stress may not be uniform in a horizontal surface. Fig. 143, I, 
is a circular section. AD is the trace of a horizontal plane. The 
short lines are the traces of planes in which the shear is trans- 
mitted from one side of A J? to the other. At the middle the shear 
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IS transmitted from a filament above the plane to one directly 
)e ow. At A and D the shear is transmitted from a filament in 
t iG surface to another filament in the surface, and here the short 
lines are tangential. At the diameter EF the shear is transmitted 
fioiri one filament to another directly below, and it is customary 
to msume that the distribution is uniform. 

Idg. 143, II, is part of an I-beam section. At the plane where 
Uic web joins the flange, there must be a great difference in the 
intensity of the shearing stress. At KL, at some little distance 
clown the web, the shearing stress becomes practically uniform 
over the section. 

\/ Example 

Find the horizontal unit shearing stress in a 6-inch by 8-inch rectangular 
section^ at a plane 2 inches from the top, if the total vertical shear is 3,840 
pounds. ^ 

Tb 266 X 6 = 3 X 12 = 36; 


,'1 

.•-..I 




X.' 


8s == 2.5 X 36 = 90 pounds per square inch. 


Problems 


1. Tn the example above, find the unit shearing stress at 1 inch from the 
top, at 3 inches from the top, and at the neutral surface. 

Ans. 52.5; 112.5, 120 pounds per square inch. 

2. In. Problem 1 find the average vertical unit shearing stress by dividing 

the total vertical shear by the area. Ans, 80 pounds per square inch. 

3. Hhow algebraically that in beams of rectangular section the average 
unit shearing stress is two-thirds as great as the unit shearing stress at the 
lunitral Burface. 

4. A 4-inch by O-inch wooden beam, weighing 6 pounds per foot, is 10 
long and is supported at the ends. It carries a load of GOO pounds 4 

f(H^t from one end. By means of the result of Problem 3 find the unit shear- 
ing at the neutral surface at the section at which the total vertical 

wlnuir is tho greatest. Ans. 24.375 pounds per square inch. 

5. In tt beam of solid circular section, what is the ratio of the unit shearing 

at the neutral surface to the average unit shearing stress, assuming 
that the \init stress is uniform? Am, 4 : 3. 

8. Uning the allowable unit shearing stress adopted by the American 
liailway Engineering and Maintenance of Way Association (see handbook) 
find (ho xnaximum load which may be placed at the middle of a short beam of 
Douglas fir, which is 6 inches by 10 inches, and is supported at the ends. 

Ans, 8,800 pounds. 

7. In Problem 6 what is the maximum distance between the supports in 
order that the bending stress shall not exceed the allowable value, and what 
must be the area of the supports at the ends? 
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8. * A 7-iiich by 14-mch beam of long-leaf yellow pine, placed on supports 
13 feet 6 inches apart, was subjected to equal loads at points 4 feet 6 inches 
from the supports. When the total load was 57,500 pounds, the beam failed 
by shear at the neutral axis at one end. Find the ultimate shearing strength 
of this timber parallel to the grain. Compare the result with the figures 
given by the United States Department of Agriculture (see handbook). 

Ans, 440 pounds per square inch. 

9. * A 7-inch by 16-inch beam of Douglas fir, supported at points 13 feet 

6 inches apart and loaded at the third points with equal loads, failed by shear 
when the total load was 45,000 pounds. Find the ultimate shearing strength 
of this timber parallel to the grain. Ans, 301 pounds per square inch. 

10. Timber having an allowable unit shearing stress, parallel to the grain, 
of 100 pounds per square inch, and an allowable bending stress of 1,000 
pounds per square inch, is used for beams supported at the ends and loaded 
at the middle. Below what length will the shear determine the load in a 
4-inch by 6-inch beam ? 

The total vertical shear at either end is, , , ^ 

V = 24 X X 100 = 1,600 pounds. / , , ; 

! • ' i /...I ' C,' * 

‘ -The maximum moment under the load is, 

hd^ , 


M = 1,000 X • 


24,000 inch-pounds. 


1,600 X 2 = 24,000. 
g = 15 inches, Z ~ 30 inches. 

11. The timber of Problem 10 is used to support a load which is uniformly 

distributed. Below what length will the shear determine the load in the case 
of a 4-inch by 6-inch beam? Solve also for a 6-inch by 10-inch beam, and for 
an 8-inch by 6-inch beam. Ans. 5 feet, 8 feet 4 inches, 5 feet. 

12. In Problems 8 and 9 what was the maximum bending stress? 

111. Shearing Stress in I-beams. — It is customary to calculate 
the unit shearing stress in the web of an I-beam by dividing the 
total vertical shear by the area of cross-section of the web regarded 
as extending the entire depth of the beam. If t is the thickness 
of the web and d is the depth of the beam it is assumed that 

. -x T. - X total vertical shear 

Average unit shearing stress = 

In a 12-inch 31.5-pound I-beam, Fig. 144, the thickness of the 
web is 0.35 inch; the area id is 4.2 square inches, and the average 
unit shearing stress, as computed by this method, is 0.238 F. 

Calculating the unit shearing stress in a 12-inch, 31.5-pound 
I-beam at the neutral surface by Formula XXIII, 

* Problems 8 and 9 are from tests made by Prof. A. N. Talbot, described in 
Bulletin No. 41 of the Engineering Experiment Station of The University of 
Illinois. 

\/ ■ , Jr. . 
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Horizontal rectangle 
Two triangles 

Vertical rectangle 

A 

1.750 

0.907 

1.977 

V 

5.825 
5.520 

2.825 

vA 

10.194 

5.006 

5.585 

II 

20.785 7 

= 0.275 7. 

20.785 

215.8 X 0.35 



At 5 indies from the neutral surface, 

vA = 20.785 - 5 X 0.35 X 2.5 = 20.785 - 4.375 = 16.409. 


16.4097 
215.8 X 0.35 


0.2177. 


The average of 0.275 7 and 0.217 7 is 0.246 7 which differs very 
little from 0.238 7.' It is evident 
that the method of calculating average 
unit shear in an I-beam section gives 
a result which is practically correct. 


Problem 

Calciulato the \init shearing stress in terms 
of tlu^ total shear in the web of a 10-inch 25- 
ponnd I-beam at the neutral surface and 
at the bottom of tho flange. 

AiiH, Sa w 0.368 V at the neutral surface. 

Sa « 0.291 V at the bottom of the flange. 



Fia. 144. — I-beam section. 


112. Relation of Shearing Stress to Stress-distribution Dia- 
gram.— The unit tensile or compressive stress in a beam, provided 
tlie clastic limit is not exceeded, varies as the distance from the neu- 
tral surface. At a distance v from the neutral axis the unit stress 
is kv (where k is a constant) and the total stress on an area dA is 
kvdA, The total stress on an area extending from the plane at a 

distance Vti from the neutral axis to the top of the beam is kj vdA 

« kvA, Comparing with equation (6) of Article 110 or with 
Formula XXIII, it is evident that the unit longitudinal shearing 
stress at any surface is proportional to the total tension or com- 
pression above or below that surface. The total tension or com- 
pression above a given surface is represented by the area of the 
stress-distribution diagram above that surface, so that the stress- 
distribution diagram shows the variation of the unit shearing 
stress in the section. 
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Fig. 145 is the stress>distribution diagram for a rectangular 
section. The area between the neutral axis and a line at one- 
fourth the depth above the axis is one-fourth of the total area 
above the axis. The area above this line, then, is three-fourths 
of the area of the entire triangle, and the unit shearing stress is 
three-fourths as great as that at the neutral surface. 

In an I-beam most of the shaded 
area in the stress-distribution diagram 
is in the flange. The small shaded 
area in the web measures the dif- 
erence between the shearing stress at 
the neutral axis and that at the bot- 
tom of the flange. 

Example 

A 4-iiich by 10-incli rectangular beam is 
subjected to a total vertical shear of 2,000 
pounds. Find the unit shearing stress at 
each inch above the neutral axis by means 
of the stress distribution diagram. 

The average unit shearing stress is 50 
pounds per square inch, and the unit shearing stress at the neutral 
surface is X 50 = 75 pounds per square inch. The area of the 
stress distribution triangle above the neutral axis is 10 square inches, 
and the area of the similar triangle below the 1-inch line is J -^5 as 
great. The area of the diagram above the l-inch line is of that of the 
total triangle. The unit shearing stress at 1 inch from the neutral axis is 
^^^5 X 75 = 72 pounds per square inch. At 2 inches the unit stress is 
^^5 X 75 = 12 pounds less than at the neutral surface. 



Fig. 145. — Distribution 
diagram. 


Problem 

The unit shearing stress in a 5-inch by 12-inch beam at the neutral surface 
is 72 pounds per square inch. What is the unit shearing stress at each inch 
above or below that surface? Solve without writing. 


113. Failure of Beams. — The nature of the failure in a beam 
depends principally upon the relative ultimate strength of the 
material in the different directions and the value of the different 
maximum stresses. In a beam which is short relative to its depth, 
the unit tensile and compressive stresses at the dangerous section 
are small compared with the unit shearing stress at the neutral 
surface at the ends. Owing to the fact that timber has a small 
shearing strength parallel to the grain, such a beam, if made of 
timber, will usually fail by shear. Fig. 146 shows 4 wooden 
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beams each about 40 inches long. The upper beam is a yellow 
pine beam glued to a white pine beam. The total depth was 
3.80 inches and breadth 1.57 inches. The beam was supported at 
points 36 inches apart and loaded at the third points; this beam 
failed by longitudinal shear at one end when the total load was 
1,950 pounds. The failure followed the glued surface but began 
in the white pine. 



Fig. 146. — Failure of timber beams. 

Beams of brittle material, such as cast iron, hard steel, stone, or 
concrete which is not reinforced, fail by tension. Beams of soft 
steel fail by buckling on the compression side or by buckling of the 
web in the case of I-beam sections. 

114. Deflection Due to Shear. — The deflection of a beam due 
to shear is sometimes taken into account. If the unit shearing 
stress across a section were constant the shearing deformation in 

a length dx would be ^ dXj and the total deflection in a length I 
would be 



If Ss is constant throughout the length I this becomes, 

y. = I; (2) 

In an I-beam section the unit shearing stress is assumed to be 
constant and the equations above apply to give an approximate 
result. 
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Example 

Find the deflection at the middle of a 10-inch 25-pound I-beam, supported 
at points 12 inches apart, due to a load of 49,600 poitnds at the middle of the 
span. Ea = 12,000,000 Ib./in.^ 

The vertical shear is 24,800 pounds, the web area is 3.1 square inches mak- 
ing 5 , = 8,000 pounds per square inch. Regarding the middle as fixed, the 
shear of either end upward is 

8,000 X 6 , 

“ 12,000,000 

The deflection due to bending is 

49, 600 X 12^ 

^ “ 48 X 29,000,000 X 122.1 " 

so that in this extreme case the deflection due to shear is greater than that 
due to bending. If the beam were made twice as long, the bending deflection 
would be eight times as great while the shear deflection would be only twice 
as great. For beams of any considerable length relative to their cross-sec- 
tion the deflection due to shear may be neglected. 

The shearing stress in a beam is not uniformly distributed in 
the cross-section. It is possible to calculate the true deflection 
due to shear in sections for which the true shear distribution is 
known. It will be shown in Article 162 that the deflection of a 
beam of rectangular section may be calculated by multiplying the 
average unit shearing stress by the factor 1.2. 

Example 

A steel cantilever 2 inches square and 40 inches long has a load of 240 
pounds on the free end. Find the deflection of the end due to the shear 
caused by this load, if Ea is 12,000,000 pounds per square inch. 

The average unit shearing stress is 60 pounds per squai'o inch, 

1.2 X 60 X 40 

^*=-T2;006;^=0-00024inch. 

If E is 30,000,000 the deflection due to bending is 0.128 inch, so that the 
deflection due to shear is relatively negligible. If the load were made four 
times as great and the length reduced to 10 inches, ya would remain 0.00024 
inch but y would become only 0.008 inch. In this case the deflection due to 
shear is relatively important. 

Problems 

1. A 2-inch by 3-inch steel beam rests on supports 12 inches apart and 

carries a load of 12,000 pounds midway between the supports. If Ea is 
12,000,000 and E is 30,000,000 pounds per square inch, find the deflection due 
to shear and due to bending. Ans. ya = 0.0006 inch, y = 0.0032 inch. 

2 . The beam of Problem 1 carries a distributed load of 1,600 pounds per 
inch. Find the deflection due to shear and to bending. 

Ans, ya == 0.00048 inch; y = 0.0032 inch. 
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115. Beams of Constant Strength. — A beam of '^constant 
strength” is one in which the section modulus varies as the bend- 
ing moment, so that the bending stress in the outer fibers is the 
same at all sections. To design such a beam, the moment is 
written and equated to the product of the allowable unit stress 
multiplied by the section modulus. From this the section 
modulus is calculated and the dimensions determined in accord- 
ance with the other conditions of the design. 

116. Cantilever with Load on the End.^ — With the origin at the 
free end of the cantilever, the moment at a distance x from the 
free end is Px. If S is the allowable unit bending stress, 

Px = S multiplied by the section modulus. 


hd^ 

For a rectangular section the section modulus is and 

Px - 


Problems 


1. A cantilever of constant strength, with the load on the end, is of rectan- 
gular section of constant depth 6 inches. The allowable fiber stress is 800 
pounds per square inch. Find the equation for the breadth. 


Ans. 5 - 

2. A cantilever beam of constant strength and rectangular section has a 
constant breadth h. If the allowable unit stress is >8, find the expression for 

6 Px 

the depth for a load on the free end. Ans. = -nr — 


3. A cantilever of constant strength with load of 600 pounds at the free 
end is 4 inches wide throughout. The section is rectangular. The allowable 
fiber stress is 1,200 pounds per square inch. If the length is 60 inches from 
the load to the fixed point, find the depth at each 10 inches. 

f Position: 10 20 30 40 50 60 inches. 

\ Depth: 2.74 3.87 4.74 5.48 6.12 6.71 inches. 

4. A cantilever 5 feet long carries a load of 800 pounds at the free end. 
The section is a rectangle with the depth twice the breadth. The allowable 
stress is 1,000 pounds per square inch. Find the depth at each 10 inches. 

f Position: 10 20 30 40 50 60 inches. 

\ Depth: 4.58 5.77 6.60 7.27 7.83 8.32 inches, 

197 


Ans. • 


Ans. 


198 


STRENGTH OF MATERIALS 


[Art. 117 


6. A cantilever of constant strength is 5 feet long and carries a load at the 
free end. The breadth is constant and the depth at the wall is 8 inches. 
JFind the depth at each foot. Ans, 3.58, 5.06, 6.20, 7.16, 8.0 inches. 

6. The beam of Problem 5 is of a square section and is 8 inches square 
at the wall. Find the dimensions at each 10 inches. 

Fig. 147 shows some cantilevers of constant strength and rec- 
tangular section. Pig. 147, 1, is a beam of constant depth. The 
breadth varies as x — the equation of a straight line. The plan is a 
triangle. Fig. 147, II, represents a 
beam with breadth constant. The 
depth varies as the square root of x — 
the equation of a parabola. One sur- 
face may be plane as in II or both may 
be curved as in Fig. 147, III. In any 
case the equation gives the total depth. 
Fig. 147, IV, represents a cantilever in 
which both depth and breadth vary, 
all sections being similar rectangles. 
The equation is that of the cubical 
parabola. 

117. Shearing and Bearing Stresses 
at the End. — In Fig. 147, the load P is 
represented at the extreme ends of the 
beams. Allowance must be made at the 
ends for the bearing and shearing 
For instance, in Problem 3 Of 
Article 116, suppose the allowable unit 
shearing stress to be 150 pounds per square inch. The 
average unit shearing stress in a rectangular section will be 
100 pounds per square inch and the minimum area of cross-section 
will be 6 square 
than 1.5 inches. 

Suppose also that the allowable bearing stress is 300 pounds per 
square inch, and that the center of the load must be 5 feet from the 
wall; the bearing area must be at least 2 square inches. If the 
load extends the entire width of the beam the bearing area must 
be 4 inches by }4, inch. The actual beam must extend at least 
inch beyond the center of the load. Fig. 148 shows the details 
for these conditions. The dotted lines are the limits for the beam 
figured for bending only. The solid lines show the minimum 
dimensions figured for all stresses. The actual beam should be 


inches. The depth at the end should not be less 



JRECTANGLES 
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somewhat larger at the end than shown, as a great increase in 
safety can be secured here with practically no increase in cost 
and weight. Artistic appearance and convenience of construc- 
tion may cause further modifications outside of the minimum 
dimensions. 



Fia. 148. 


Problems 

1. Design a cantilever of constant strength for a load of 600 pounds at a 
distance of 40 inches from a wall: tlui maximum bending stress to be 800 
pounds; tho maximum shearing stress, 100 pounds; and the maximum bear- 
ing stress, 200 pounds per square inch. Tho depth of the beam is constant, 
4 inches. 

2. Design tho same cantilever with square section, all other conditions 
remaining the same as in Problem 1. 

118. Cantilever with Uniformly Distributed Load. — The only 
difforciico between a cantilever with uniformly distributed load 
and one with a concentrated load is in tho expression for the ex- 

tornal moment, which is ^ " instead of Px. 



Problems 

1. A cantilever of constant strength has a rectangular section and constant 
breadth 6. The load is uniformly distributed and is w pounds per inch of 
length. If B is tho allowable unit stress, find tho expression for tho depth. 

. 3 wx^ 

An$. a® « 

2. Draw a cantilever of constant strength and constant breadth of 2 inches 
to emrry a load of 180 |)oundsj)er foot uniformly distributed, with an allow- 



2()0 
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ahlo unit HtroHH of 1,(H)0 ikhukIh [xtr ncjunro inch, 
lovor m <10 inohi'H. 

5, A omitilovor of .■oiiHiant HtroriKlli <.f rcrfutixuliir in d inchcH 

Mk. IRO. If tlu' loiul w miiformly (liBtriliutcil, liml |,1„. oxprt'Mniou for 

tha l)rcmdtlj. ^ 

/twfl. h 1 ’ , '»• 

4. Ihnivp i\w i^xirrvmUm tuv tha dvpih of a mntiliiviT of Hquare m^viUm to 
('firry a uniformly dintrihulf'd load liiorn 

> 

h 

A aantilavur of rouHtant nlmmih and Hcjmiro wadiori, doHlKmul to carry 

a unironnly <IiHt.rilm(.<>iI loud, in K iiK-iiifi wumrc at. fjO itidioH from t,lm froo ond. 
Find tlio dinuitmioim at ciirli 10 iiicln-x, 

_ Ana. 2.71, Adt), d.Ktl, K.O inchcH. 

6. DcHiKii and draw afuniilcvcrof rouHtnnf. atro.iKlIi and (-oimtnnl. tiroudUi 
of 2 inahoM to <'arrv a diatrihutcd load of 12() iionmln iior foot anil a load of 


'I’lui lonKtIi of tlio aanti- 




/Vr Unit 

xri'i:ixL.uu.xdi[:r::i 


elevation 

- 




tl’M' 


rUN 


Fill. IfiO. 


4tK) ponnda (1 inolioa froin tlm froa and. 'I’ho aantiloviT ia 5 foot lonn- tho 
allowalilo Iioniiinn Htroaa ia WK) pinindH porHquan! inch; tho allowabli/unit 
Hl.oaring atroHH w W) pounda por aqiiarn itirh: and tho idlowuldo unit 
lioanng atriwH i« 150 piaimlH por aiinaro inoh. 

119 . Beams of Constant Strength Supported at the Ends.- ~ 
1 ho iiiothodH of Holtitioii iii’o tho Hmiio im for ciiiitilovors. Kor 
a Hj'nglo load at tho luhhllo tho [irolilojti is oxaotly tho samo as that 
of a cantilever of oiu»-huIf tiio lonpith with a load at tlio end. 
A l)eam with a Hingle loa<I at any point may he reganlod as made 
of two can I i levers hxod at that i>oint with loads cuiual to tho 
lesiHJctive end reactions. Hoanis witli (hHtril>uted loads are not 
(piito K(» simple. Allowance must he made in these beams for 
shear and hearing at the supijorts, which was not necessary in 
the case of cantilevers with uniformly distributed loads. 


Problems 

1* A licfim m imuic for ii npnri of H tmi to carry a load of 2,400 

pouudM pc!r foot. Find thii acetion rniKluIun at each foot interval if tho 
allowable Ix^nding «trcjii i» 12, (KK) pounda per mjuam inch. 

Am. 8 . 4 , 14 , 4 , 18 . 0 , 19.2 imhmA 


i 


I 


/ 
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2. A box girder is made of two lO-inch 25-pouiid channels, to which are 
riveted two 15-inch by J^-inch plates. The span is 30 feet and the load is 
1,800 pounds per foot. The girder is strengthened by additional 34-inch 
plates extending equal distances on each side of the middle. If the allowable 
unit stress is 15,000 pounds per square inch, how many of these plates are 
required and what is the minimum length of each pair, no allowance being 
made for weakening of the lower plates due to the rivet holes? 

Rolled shapes are not made as beams of constant strength” 
but built-up beams, made of shapes and plates are so constructed. 
In machinery and vehicles, where weight is important, beams of 
constant strength are much used. In the framework of machin- 
ery these are frequently made of cast iron; in other places, cast 
steel or steel forgings are employed. Cast steel is used ex- 
tensively in the construction of railway cars, and steel forgings 
in automobiles. 

A tree is a vertical beam of constant strength. A bamboo rod 
is a hollow beam of constant strength with a large moment of 
inertia relative to the weight. 

120.. Deflection of Beams of Constant Strength. — The problem 
of finding the deflection of a beam of constant strength differs 
from that of a uniform section in that the moment of inertia is no 
longer constant but is a function of x. In beams symmetrical 
with respect to the neutral surface, 

2 SI 


M = 


d 


where S is constant throughout the length and d may be constant 
or variable. In the following discussions a constant depth will be 
represented by capital D and a constant breadth by a capital 
B, so as to make it easy to distinguish between constants and 
variables. 

121. Deflection of Beams of Constant Depth. — 


if = = -^. 

dx^ D 


( 1 ) 


DOUBLE INTEGRATION 


Dividing (1) by I : 


E 


d^y 

dx^ 


E 


dy _2Sx 


dx 


D 


D' 

+ Cl. 


( 2 ) 


( 3 ) 
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If the direction of the X axis be so chosen that 


% _ 

dx 


0 when 


X = a, then Ci = — 


2Sa 

D ■ 


Ey = 


Sx^ 2 Sax 


D 


D 


+ Ci. 


Sa^ 


(4) 

(5) 

( 6 ) 


If the origin be chosen so that y = 0 when x = a, Ci = -^ 

Ey — ^{x^ — 2 ax a^) = ^ (o — xY. 

Sa^ 

At the ongin, Ey = 

AREA MOMENTS 

M 2 S 

-Y = which is constant and may represent the altitude of a 

M 

rectangle. Ey = the moment of the diagram. To find the 

deflection of the origin from the line which is tangent at the dis- 
tance a from the origin, 

O Crv ^ C^2 

( 6 ) 


^ 2Sa..a Sa^ 

^y=-D^2^-D- 


At a distance x from the origin, the base of the rectangle is a — a; 

^ ^ 

and its center of gravity is — x — from the point whose abscissa 


IS X. 


Ey = 


2Sia 


D 




- rr S , 

2 Z)*'® 


x) 


(5) 


Equations (5) and (6) are valid for beams of constant strength 
and constant depth no matter what the character of the loading. 
For cantilevers a = I and the moment is negative so that 


Ey„: 


D 


; Ey = 


(7) 


PID 


For a cantilever with a load on the end, S = ry’ where Im is the 
maximum moment of inertia (at the wall). Substituting, 

P73 

Eym&x “ 2 j • 

The deflection at the end of a cantilever of constant strength and 
constant depth, due to a load on the ‘end, is one and one-half 


... 
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times as great as the deflection of a eantilovei' of uniform section 
having the same maximum climotiHions. 

WID 

For a cantilever with uniformly dulributed loiul, »S’ = 4 "/“’ 




Wl^ 
4 /m 


(9) 


which is twi (!0 as groat as the defUndion of a cantilever of uniform 
section equal to the maxinmm dimensions of the constant-strength 
beam. 

h’or a b(mn mi-pported at the ends with a lo<ul V in the middle, 


I 


B 


PlI) 

«/n.' 


The dofltud.ion of the end upward is 

,, in^ 


( 11 ) 


which is one and one-half t imcH as grcuit as that of a beam of uni- 
form section. This might have been taken directly from the 
result for the oantilover. 

For a beam supported at the etuis with a load uniformly distributed 


B 


WII) 

an 

lb /, 

fn/ninx 


and a 




(11) 


IFf 
(M 

which is six-fifths as great as the delloidion of a beam of uniform 
section. 

122. Rectangular Beams of Constant Breadth. — 

M 2B ^ , 

' where d m a func(.ion of x. 


I d 

For a cantilever with a load on the end, 


b Px , M 

mr I 


2 


‘WbF® • 


DOUBLE INTEGRATION 


E 


d^y 

dx* 


2 

4>Sf. 


BH y, 


, \ Bli ^ 


,-- 48 ^ 1 ^'^. 


( 1 ) 

( 2 ) 

( 3 ) 
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g \6 P 


and is negative when P is downward. 


At the wall S 


PI 

which substituted in (4) gives 


Eyrci&x 


2PF 

3 Im 


(4) 


(r>) 


The deflection is twice as great as that of a beam of uniform sec- 
tion of which Im is the moment of inertia. 

For a hso/m supported at the ends and loaded at the middle, the 

PP 

deflection at the middle is 

3 XDCO^ 

For a r.antilever with uniformly distributed load, = SB * 

M ^ ^ ^ /M. 

I d X y3 w 


AREA MOMENTS 



At the wall, 


S^ 


3 wP „ 


6 wP _ WP 


( 6 ) 

(7) 


which is four times as great as the deflection of a beam of uniform 
section. 

The equation of the elastic line is found (preferably by double 
integration) to be 




( 8 ) 


For a beam supported at the ends with uniformly distributed load, 
and breadth constant. 


M =^(lx- x^); 



3 w(lx — x'^) 
SB ’ 


I 'SB 

I ~ d ~ NSwClx^ - x2) 


( 9 ) 
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( 10 ) 


1 

2 


where z 

EymsLx = 2S 


x; dz = —dx. 

W. 

3w _ 

I ~ I 
(When a: = 0, z = 2? z= 0) 


1 . , 2z 

2 T 




2»0 

I 


Eyr 


-Wi 


^SB/tt 


Since 


3 iv\2 
ZwV 


4:BD^ 

wl'^ 


„ _ 3 wl^ _ i\ _ _ l'\ = 

Aj/max - g g2)3 (,2 / 32 7^(2 / 


6.85 wl^ 
384 Im ' 


(11) 


(12) 


(13) 


(14) 


123. Beams of Constant Strength and Similar Sections. — In a 

6ilf 

beam with square sections, d^ = 

CPx 

For a cantilever with load on the end, d^ = 

M 2 S 2 S^ 

T 


Fj/max — 


~"~d ~ 

AREA MOMENTS 

2 SS 


( 1 ) 


QPl 


(6P)4 


■X 


' 6 n 

xdx = 


-ii-)Ey. 


( 2 ) 

(3) 


5(6P)i 

5 JD“' 5 ■ 

which is nine-fifths as great as that in a beam of uniform section. 

The deflection at the middle of a beam which is supported at the 
ends and loaded at th£ middle is given by, 

3 Pi’ 
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For a cantilever with uniformly distributed load the deflection at 
the ^nd is, 


Eym&x 


Zwl^ 

8/^ 


3 Wl\ 
Sim 




These equations apply to all cases where the sections are simi- 
lar figures as well as to square sections. 


Problem 

1. A beam of constant strength and circular section is supported at points 
5 feet apart and carries a load of 400 pounds in the middle. The diameter at 
the middle is 2 inches and E is 30,000,000 pounds per square inch. Find the 
deflection at the middle. 

124. Beams of Two or More Materials. — Beams are frequently 
made of two or more materials having different moduli of elastic- 
ity. The most common cases are beams made by bolting iron or 
steel plates to wooden beams, and reinforced concrete beams, in 
which steel rods are embedded in the concrete in the tension side. 

Fig. 151 represents a beam made by bolting a steel plate to the 


WOOD 









■> 

6 






WOOD equivauent 

OF 8TEEJL.. 






rEEL ^ 20 6 

I II 

Fig. 151. — Beam of two materials. 


bottom of a wooden beam. To find the neutral axis and the sec- 
tion modulus, account must be taken of the fact that the modulus 
of elasticity of the wood is less than that of the steel, and that with 
a given deformation, the unit stress in the two materials is pro- 
portional to their respective moduli. If the modulus of steel is 
30,000,000 and that of the timber is 1,500,000 pounds per square 
inch, the unit stress in the steel corresponding to a given unit 
elongation is 20 times as great as the unit stress in the timber. 

To find the neutral axis for Fig. 151 the center of gravity may 
be calculated under the assumption that the density of the steel 
is 20 times that of the wood, or the steel may be replaced for the 
purpose of calculation, by a wooden strip, 20 times as wide and of 
the same thickness, 
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A 4-inch by 6-inch wooden beam has a steel plate 1 inch wide and inch 
thick fastened to the lower surface. Find the neutral axis and the maximum 
fiber stress in each material if the modulus of elasticity of the steel is 20 times 
as great as that of the wood, and the bending moment is 30,000 inch-pounds. 

The steel may be replaced by a wooden strip 20 inches wide and yi inch 
thick. To get the distance of the center of gravity from the bottom of the 
wood, » ^ , ; 

- 24X3-10XM . 

y — 2.04 inches. 

To get the moment of inertia of the equivalent wooden section about the 
common surface. 

4 X 6^ 

= 288, 


20 X (AY 


= 0.83, 


III"- 


I = 288.83. 

/o = 288.83 - 34 X 2.04=> = 147.34 inches.* 

To get the unit stress in the top fibers of the wood 

„ 30,000 X 

■“ 147.34 

In the bottom steel fibers 

„ 30,000 X 2,54 X 20 

““ 147.34 

The result for steel is multiplied by 20 because the moment of inertia used 
was calculated on the assumption that the steel was replaced by wood. 


= 806 pounds per square inch. 


= 10,344 pounds per square inch. 




Problems 

(Use E for steel 20 times E for timber in these problems) 

1 . A 4-inch by 4-inch timber beam has a 4-inch by J^-inch steel plate on 
the lower surface and a 2-inch by 1-inch plate on the upper surface. Find 
the neutral axis of the combination. What is the maximum fiber stress in 
the steel when that in the wood is 600 pounds per square inch. 

Ans. Neutral axis 2.10 inches above bottom of timber; fiber stress in steel, 
16,571 pounds per square inch. 

2. A 6-inch by 6-inch timber beam, 10 feet long, has a 6-inch by J^-inch 
steel plate on the top and bottom surfaces. Find the unit stress in the 
steel when a load of 9,000 pounds is put on the middle. 

Ans. 13,720 pounds per square inch. 

Fig. 152 is called a flitched beam. It is built up of wooden 
beams alternating with steel plates, fastened together by means of 
a few bolts. If the vertical depth of the beams and plates is 
the same, the bolts do not transmit shear at unit stresses below 
the elastic limit. With vertical loads, parallel to the plane of the 
plates, the steel is not used efficiently in. beams of this sort. 
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Flitched beams were once used to some extent, but very little 
at present. Steel I-beams are usually preferable. Wooden 
beams are frequently bolted to the web of an I-beam. This is 
generally done for convenience in attaching woodwork rather 
than for reinforcing the beam. 

When steel is fastened to the top and bottom of a wooden beam, 
it is used efficiently. The combination is equivalent to an I- 
beam section, the timber acting as the web and the steel as the 
flange. 

Such combinations are not used in structures, but are employed 
in vehicles and some classes of machinery. Fig. 153 is a section 



Fig. 152. — Flitched beam. Fig. 153. — Armored wooden beam. 


of the lower end of the dipper handle of a steam shovel. It 
consists of an oak beam made of three pieces (the middle piece is 
omitted at the upper end) with heavy steel plates at the top and 
bottom and thin plates on the sides. Where such beams are 
built up of thin steel shapes the compression side is liable to 
buckle, especially if it is kinked by rough usage, but with plates 
fastened to a solid wooden beam, this buckling is prevented. 
The elastic properties of some wood makes it preferable in many 
cases where there is considerable vibration. 

125. Reinforced-concrete Beams. — Reinforced concrete repre- 
sents another form of combination beam. A reinforced-con- 
crete beam has steel rods embedded in the concrete near the 
surface in the tension side. Sometimes both tension and com- 
pression sides are reinforced. These rods may be ordinary 
round or square steel bars. Usually they are corrugated or 
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otherwise deformed or made of cable or twisted square bar so 
that they will not slip even if the grip of the concrete should be 
weakened. 

Fig. 154 represents a portion of a reinforced-concrete beam 8 
inches by 11 inches in cross-section. The reinforcement consists 
of three rods with centers 1 inch from the bottom of the beam. 
The photograph, Fig. 217, shows a beam of this size after failure. 

In working out the theory of concrete beams, it is customary to 
regard the steel as taking all the tension. If the unit stresses 




r 8" 

Fig. 154. — Reinforced concrete beam. 


are kept low, the concrete on the tension side of the neutral axis 
does exert some tensile stress, but at loads of less than one-third 
of the ultimate strength of the beam fine cracks form in the ten- 
sion side and tests show that the steel takes practically all the 
tension at larger loads. 

The per cent of^xeinj’QTcemerd^ in a beam is calculated by dividing 
the area of the steel by the area of the beam section above the 
center of the. steal In Fig. 154 the beam is regarded as an 8- 
inch by 10-inch section; the inch of concrete below the center of the 
rods is considered as simply protecting the steel. With three 
^'^-inch rods, each of which has a cross-section of 0.307 square 
inch, the reinforcement in the beam of Fig. 154 is 0.921 -v- 80 = 
0.0115 = 1.15 per cent. While it is customary to speak of the 
per cent, of reinforcement, when used in formulas it is expressed 
as a ratio. 

Elaborate formulas have been proposed for the calculation of 
reinforced-concrete beams. Some of these formulas assume that 
the compression curve of concrete is a parabola, which it is not 
The form and the constants of the compression curve vary greatly 
with the materials, the proportions, the care in mixing, the age, 
and the stresses to which it has been subjected. The modulus of 
elasticity is lowered greatly by slight overloads. For these 
reasons there is little use for great refinement of calculation unless 
the computer is provided with carefully determined compression 
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curves of the actual concrete uiulcr coiiHidcral ion, nii<l it is now 
customary to work on the assumption that the compresHictti eurv(^ 
is a straight line. 

A Joint (lommitteo from The American Society of Civil Kngi- 
neors, The American Society for Testing Materials, 'I’lio Am(n’i<'Hn 
Railway Engineering Association, and I’lie Association of 
American Portland Cement Manufacturers luis prcspaixsl a report 
on “Concrete and Reinforced Concrete” and hiis rc<!ommended 
certain formulas and constants. In the articles which follow, 
the important formulas will bo given in the form profaistsl by tho 
Joint Committee, and with the same symbols except that « will be 
used for unit stress in place of /. Tho constants given m Table 
XI agree with the report in round numbers.* 



I’m. 1.'55. — Stress in rectangular ooncroto beam. 


126. Location of the Neutral Axis. — Tho lino OF of Pig. 156 
represents tho compressive stress. The depth from tho extreme 
compressive fibers to the center of the reinforcomont is d and the 
distance from tho neutral surface to the oxtromo fibers is kd, 
where lb is a fraction less than unity. The distance from tho neu- 
tral surface to the center of tho reinforcomont is (1 — k)d. Tho 
ratio of tho modulus of elasticity of tho steel to that of tho (con- 
crete is represented by n; 


If the modulus of elasticity of the steel is 30,0()0,()()0 and that of 
the concrete in compression is 2,000,000 pounds per sejuaro iiudi 
the value of n is 15, and this is the value commonly used, al- 

* Proceedings of the American Society for Testing Materitih, vol. XIU, 
1913. 
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though for concrete having an ultimate strength of from 2,200 to 
2,900 pounds per square inch, the Joint Committee recommends 
that n = 12, and for concrete stronger than 2,900 pounds per 
square inch the Committee recommends n = 10. 

The average unit stress in the steel is given by, 

__ n{l “ h) ^ 
h 




( 2 ) 


where Sc is the unit compressive stress in the concrete in the ex- 
treme fibers. The area of the concrete in compression in a rec- 
tangular section is bkd, and the average stress over this area is 


aSo. 

2 


Total compressive stress = 


SMd 


Total tensile stress in steel == 


AnSc (1 - k) 
k 


(3) 

(4) 


q-v 


where A is the area of the steel. The ratio of the area the 
steel to the area of the concrete is represented by p; 


■p = A = phd, 


I" 




(5) 


As the concrete below the neutral surface is not regarded as taking 
any of the tensile stress, the total tensic n in the steel equals the 
total compression in the concrete. Equating (3) and (4) and 
substituting for A, 

Srkbd Scpbdn (1 — /c) 


2 ““ k 

2pn (1 — k)j 

+ 2 pnk — 2 pn = 0, 
k = \2 pn + (pn)^ — pn. 
Problems 


( 6 ) 

(7) 

( 8 ) 
(9) 






i- 


1. If the modulus of the steel be taken as 15 times that of the concrete and 

the area of the steel is 1 per cent, of the total area find the distance of the 
neutral axis from the extreme compression fibers. Ans. k = 0.418 Ij^J 

2. Solve Problem 1 for a reinforcement of 1.2 per cent, and for 1.6 per 

cent. Ans. 0.446 d, 0.493 d. 

127. Relative Unit Stresses in Concrete and Steel. — When the 
location of the neutral axis has been determined by means of 
equation (9) of Article 126, or by experiment, the relative values 
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of the average compressive stress in the concrete and the average 
tensile stress in the steel may be computed from the relation that 
the total compression equals the total tension. For instance, in 
Problem 1 of the preceding article, the area in compression is 
0.418 bd and the area of the steel is 0.01 bd so that the average 

unit stress in the concrete is as great as that in the steel. 


With a straight-line compression curve for the concrete, the maxi- 
mum unit stress in the outer fibers of a rectangular section is 
twice that of the average. If the unit tensile stress in the steel 
of Problem 1, Article 126, is 12,000 pounds per square inch, the 
average unit compressive stress in the concrete is 287 pounds per 
square inch, and the compressive stress in the extreme fibers is 
574 pounds per square inch. 

The unit compressive stress in the extreme fibers may also be 
calculated from the relative distances from the neutral surface 
and the ratio of the two moduli of elasticity. In Problem 1 of 
Article 126, 


1 ^^8 

^ (1 ~ 


( 1 ) 


Table XL — Allowable Unit Compressive Stresses in Extreme Fibers 
OF Concrete Beams, in Pounds per Square Inch 


Aggregate 

1:2:4 

1:3:6 

Gravel or hard limestone or sandstone 

650 

425 

Soft limestone or sandstone 

500 

325 

Cinder 

200 

125 



Problems 

1. In Problem 2 of the preceding article, calculate the unit stress in the 

extreme fibers when the average unit tensile stress in the steel is 12,000 
pounds per square inch. Ans, 645 and 778 pounds per square inch. 

2. Solve Problem 1 if the allowable unit stress in the steel is 16,000 pounds 
per square inch. 

With a unit stress in the steel of 12,000 pounds per square inch 
the unit compressive stress in the concrete with 1.6 per cent, 
reinforcement is above the allowed value for 1:2:4 concrete for 
the best material ordinarily used. If the allowable unit stress 
in the steel is 16,000 pounds per square inch (which is the maxi- 
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mum recommended by the Joint Committee) even 1 per cent, 
of reinforcement gives a unit stress in the concrete of over 700 
pounds per square inch so that a richer mix than 1:2:4 must be 
used or the reinforcement kept below 1 per cent, in order to use 
the steel most efficiently. 



Problem \ 

3. If 71 = 15 and p = 0.008 what will be the unit stress in the steel when 
the unit stress in the outer fibers of the concrete, calculated on the assump- 
tion that the compression curve is a straight line, is 650 pounds per square 
inch. Ans. 15,600 pounds per square inch. 


128. The Resisting Moment. — The resultant compressive 
stress is at the center of gravity of the triangle CFO of Fig. 155. 
The resultant tensile stress is regarded as being at the center of 
the reinforcement, so that the arm of the resisting moment is 

^1 — d. The term ^1 — ^ is represented by the single letter J. 

Resisting moment arm = (^1 = jd. (1) 

Problems 


1. What is the resisting moment arm in Problem 1 of Article 126? 

Ans. jd = 0.86 d. 

The resisting moment is either total stress multiplied by the moment arm, 

Scjkhd^ , . 

2 SaAjd) ( 2 ) ^ 


M - 




2Jkf 




jkbd^^ 

M 

Ajd 


(3) 

(4) / 


( 1 ) 



(In the following problems n = 15, Se = 650 Ib./in.^) 

2. A r einf or ced-con Crete beam for a span of 15 feet is 10 inches wide and 12 
inches deep to center of reinforcement. The reinforcement consists of three 
deformed bars, each having a cross-section of 0.39 square inch. The beam 
weighs 125 pounds per linear foot. What is the maximum safe load on the 
middle, based on the compressive strength of the concrete? What is the unit 
tensile stress in the steel at this load. 

Ans. M = 167,000 inch-pounds; maximum safe load 2,770 pounds. 

3. In Problem 2 find the unit stress in the steel by dividing the moment by 

the resisting arm to get the total tension, and then dividing by the area of the 
steel. Ans. 15,560 pounds per square inch. 

4. Design a reinforced-concrete beam for a span of 20 feet to carry a 
load of 800 pounds per foot including its own weight, using 1 per cent rein- 
forcement. 


i. I h 


be iv^ 

Gv,?- 
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All approximate value of the resisting moment may be computed from 
the expression: X' 

M X Ass. I 

The moment arm is always a little greater than and the total tensile 
stress in the reinforcement is Ass. Of course, if the percentage of reinforce- 
ment is too great the compressive stress in the concrete will be too high. 


129. Steel Ratio. — It was shown in Article 127 that when the 
percentage of reinforcement is too great, the concrete stress will 
exceed its allowable value before the steel is fully stressed. The 
ratio of the steel area to total area may be found for any allowable 
unit stresses. From the equality of the total tensile and com- 
pressive stress, 


Sckbd 

2 




( 1 ) 


from which 


2 SsA ^ 2ssP 
Schd ~ Sc * 


( 2 ) 


From equation (8) of Article 126, 

+ 2 pnk = 2 pn. 


Eliminating k between equations (2) and (3), 

4ssP^n „ 



(3) 

(4) 

(5) 


Problem 

Find the steel ratio if the allowable unit compressive stress in the concrete 
is 600 pounds per square inch, the allowable tensile stress in the steel is 
15,000 pounds per square inch and the ratio of the modulus of elasticity of 
the steel to that of the concrete is 15. Ans. p = 0.0075. 

See Report of the Joint Committee on Concrete and Reinforced Con- 
crete,’' Proceedings of The American Society for Testing MaterialSj 1913, page 
278. 








CHAPTER XII 


BENDING COMBINED WITH TENSION OR 
COMPRESSION 

130. Transverse and Longitudinal Loading. — It often hap- 
pens that a beam is subjected to a direct tension or compression 
in the direction of its length and a transverse force producing 
a bending moment. The unit stress at any point in a given 
section is the sum of the direct stress and the bending stress at 
that point. For example, 
suppose a 4-inch by 4-inch 
post stands vertical and sup- 
ports a load of 4,000 pounds 
at the top. The direct com- 
pressive stress is 250 pounds 
per square inch. Suppose 
this post is fixed at the bot- 
tom (Fig. 156), and that a 
horizontal push of 200 pounds 
is applied 2 feet from the 
^ bottom. This transverse 
force produces a tensile stress 
of 450 pounds per square 
inch in the outer fibers at the 
bottom on the side of the 
push and a compressive 
stress of the same magnitude in the opposite side. The 
resultant stress is 700 pounds per square inch in the one 
side and 200 pounds per square inch in the other. Fig. 
156, IV, shows the distribution of the stress, compression 
being represented by the vertical distance downward. In Fig. 
156, II, there is the compression alone due to the direct load of 
4,000 pounds. Fig. 156, III, shows the unit stress due to bend- 
ing; it is 450 pounds per square inch compression on the left side 
and 450 pounds per square inch tension on the right. At the 
middle of the section it is zero. In Fig. 156, IV, the two unit 
stresses are combined. The line W, which is the zero line for 
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Fig. 156. — Post with, compression 
and bending. 


216 


STRENGTH OF MATERIALS 


[Akt. 131 


the bending stress, is placed on the line CD, which represents 
the compressive stress in II. The combined unit compressive 
stress on the left side is 250 + 450 = 700 pounds per square inch. 
On the right side the combined stress is 450 tension minus 250 
compression, or 200 pounds per square inch tension. The unit 
stress is zero at % inch from the right side of the post. 

Unit stress = ^ Formula XXIV. 

where P is ;Ae total load parallel to the l en g th of the beam and 
M is the bending moment from anv source wha tever. Since 
V has the positive sign on one side of the neutral axis and the 
negative sign on the other side, the second term may be positive 
or negative, according to the position. 

Problems 

1 . A wooden post 6 inches square and 6 'feet high carries a load 7,200 
pounds on the top and is pushed south by a horizontal force of 240 pounds 
applied 1 foot from the top. Find the maximum unit tensile and com- 
pressive stress at the bottom. 

Ans, 600 pounds per square inch compressive stress on south. 

200 pounds per square inch tensile stress on north. 

2. At what distance from the top is the unit tensile stress in north face 

equal to zero? Ans. 42 inches. 

3 . A solid concrete wall 12 feet high and 6 feet thick is subjected to a water 
pressure which varies as the depth and which is 62.5 pounds per square foot 
at a depth of 1 foot. Find the unit stress at the bottom of the wall on each 
side when the water just reaches the top, the weight of a cubic foot of con- 
crete being 150 pounds. 

Ans. 8.33 pounds per square inch tension. 

33.3 pounds per square inch compression. 

4. What load per running foot on the wall of Problem 3 will reduce the 
unit tensile stress to zero? 

131. Eccentric Loading. — Fig. 157 represents a rigid bar G 
supported by three equal rubber bands (or springs) which are 
symmetrically placed and suspended from a rigid horizontal 
support. Each of the bands is stretched the same amount and 
the bar hangs in a horizontal position. Fig. 157, II, shows the 
same bar with a load P at the middle. The rubber bands are 
equally stretched and the bar remains in a horizontal position. 
If the load P be moved to the right, as in Fig. 157, III, the middle 
band receives the same elongation as in the preceding case, while 
the left band is elongated less and the right band more. If the 




Chap. XII] TENSION OR COMPRESSION 


217 


load be moved still farther to the right, a place is reached where 
the left end is elevated above the position which it occupied 
before the load was applied, so that no load whatever comes on the 
left band. If, instead of the rubber bands, helical springs were 
used, the spring on the side away from the load would come into 
compression when the load is shifted a considerable distance from 
the middle. 

Instead of the rubber ^ 
bands a continuous sheet 
of rubber or metal might 
be used. If such a sheet is 
fastened to a rigid body at 
the top and bottom and a 
load is applied considerably 
to one side of the center. 


I 

Fig. 157.- 



“-Eccentric loading of rubber 
bands. 


w 


] 


there is elongation on that side and a shortening or buckling on 
the other. A similar result obtains when a compressive load is 
applied to a body. Fig. 158 shows a block of soft rubber with 
the load central, and Fig. 158, II, shows the effect of moving 
this load a little to one side. 

Considering the bar G of Fig. 157, III, it is seen 
that the effect of the eccentric load is a transla- 
tion downward, of the same magnitude as that 
due to the central load in II, together with a ro- 
tation about the bottom of the middle band as an 
axis. Taking moments about the point C, equilib- 
rium occurs when the moment of the load P with 
respect to C is equal to the moment of the excess 
of tension on the right band plus the moment of 
the deficiency of tension on the left band. Sup- 
pose that the bands are 4 inches apart, and that a 
load of 1 pound stretches the bands 0.4 inch. One 
pound will stretch a single band 1.2 inches. Now 
move the load of 1 pound 2 inches to the right of the 
middle. The moment of the load is 2 inch-pounds, 
which is balanced by a force of 0.5 pound at 4 
inches. The tension in the right band is 0.25 pound more than 
that in the middle, and the tension in the left band is 0.25 
pound less. If the load is moved more than 3 inches from the 
middle, the tension in the left band becomes less than it was 
before the load was applie^. 


ri 


m 

Fig. 158. 
— Compres- 
sion with di- 
rect and with 
e c centric 
loading. 
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Fig. 159, 1, shows a short block B resting on a rigid support and 
carrying a rigid block C. Fig. 159, II, shows the plan and eleva- 
tion of the block B compressed by a force transmitted by the 
block C. Block C is not shown in Fig. 159, II. It is assumed 
that C is perfectly rigid, or is so loaded that its lower surface 
and the upper surface of B remain plane. The resultant of all 
the forces transmitted through the upper block is P, and, for the 
present, it is assumed that the line of action of this resultant 


O dA 



Fig. 159. — Short block with eccentric loading. 


passes through one of the principal axes of inertia of the section 
at a distance e from the center of gravity. The line 0-0' in the 
plan is the other principal axis of inertia. The distance e is 
called the eccentricity of the load. The base of B is supposed to 
remain horizontal while the upper surface makes an angle 6 with 
the horizontal. If Al is the compression of the fibers at the center 
of gravity, at a distance v from 0-0', the total compression is 
Al + vd. 


Unit compression = 
Unit stress = 


Al + vd 
I 

E{Al + v6) 

I 


( 1 ) 

( 2 ) 


On an element of area dA at a distance v from the center of grav- 
ity of the section 


stress = 




(3) 


The total stress on the entire section is 




dA. 


(4) 




OlIAf. Xlll 


TENSION OH COMHHKK^iOM 


2H» 


iSiiKHi <; is inuaKurod froiti u line l.liroiigh l.he cenlor of gravity tiie 
last integral of (4) is zero and 


,, rOiA I , . HAI . , 


(■'>) 


whara in tha unit auniprewive* Ht.roHH at tha aantar of gravity 
af tha Haation. 

The unit deftmnatuui and unit Mrem at the center of gracity are 
the name with an eccMnlric load a^^ they would he if the load were 
CAoUraL 

Taking nunnantH about tha lina 0 O'or any parallal lina through 
tiia (HUitar of any Ha(*tion, 


"f J.„M + ’.lA 


Tho first integral of (tl) vanishes so that, 

KOI 
I i 


i> r •- / 1 

l‘r ^ I v~<lA 


m 


(7) 


F(W 

/ 


K 0 V 
I ’ 


which is tho unit stntss at a distainte v from the center of gravity 
oauHe<l by tho a<lditional elongation <hie to th<» rotati<ai of tho 
top surface about 0 O'. The entire unit stresH at a distanco v 
from tho line 0 0' is, 


K„ 



/Vc 

/ 


/’ , Mv 
A I 


Formula XXIV. 


whore M is the moment, of the resultant fttree about a line through 
the eetiter of gravity of the section. When a and v are on tho 
same shlo of the center of gravity the sign of the last term is 
positive. Wlusn they are on opposite sides the sign is negative. 

Formula X.XIV as applied to eccentric htading, might Is) tle- 
rived from the principle (jf Mechanics* that a force along any 
line may be replace<l by an etjual force along any other line, and 
a coupI(» whose moment is tlm product of either force multiplie<l 
by the distance b<itwc<m them. In f'ig. 1(10 tin! loatl P at the top 
at a distance « from the center may be rephuasl by force P at 
tho center and a couple the moment of which is /'« and the rlirec- 
tion of rotation is clockwise. The two equal and oppositely 
<liroctod forces which comprise this couple may 1 h) regarded m 

•Hoskins’ “ 'HicoHitinal Mechanics," Art. IM; MAiraKU's " 'roclinical 
Meohanios," Art. 31. 
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having any magnitude, position, and direction in their plane, pro- 
vided the product of one force by the distance between them is 
Pe, The reaction at the bottom may likewise be regarded as 
equivalent to a reaction P at the center and a counterclockwise 
moment Pe. An eccentric load may be regarded as equivalent to 


I 'f 
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Fig. 160. — Block with eccentric loading. 


a load at the center and a bending moment which is the product 
of the load multiplied by its eccentricity. 

Fig. 161 shows large eccentricity, the resultant load lying en- 
tirely outside of the section. Here the existence of bending and 
direct stress together is almost self-evident. Consider the por- 



1 II III I 

Fig. 161. — ^Large eccentricity. 


tion above any section (?. Resolving vertically, the vertical reac- 
tion at the section is equal to the load P at the top. Taking 
moments about an axis perpendicular to the plane of the paper 
through the center of the section (?, the resisting moment of the 
section must equal the moment eP. Fig. 161, II, shows the effect 
of compression and Fig. 161, III, the effect of tension. 
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Formula XXIV as applied to eccentric loading assumes that 
the section at which the load is applied remains plane. If the 
load is concentrated, this will not be the case and the results of 
the formula will be only approximate. If the block under stress 
is of some length, the sections near the middle are practically 
plane and the formula applies with greater accuracy. 

The derivation also assumes that E is constant, which limits 
the formula to unit stresses below the elastic limit. Since the 



Fig. 162. — Eccentric loading. 


stress on one side is greater than on the other, it will reach the 
elastic limit before the other and there will be a shifting of the 
neutral axis, so that the error due to this cause will be greater 
than in a beam subjected to bending alone. 

Formula XXIV applies approximately to hooks, subject to the 
correction for curvature. In any case, when there is appreciable 
deflection, the eccentricity is measured from the center of gravity 
of the loaded section to the line of the load. 

Compression combined with bending is shown in Fig. 162. 
The forces P are applied to the wrenches by the screw clamp. 
The wrenches as cantilevers transmit the bending moments and 
direct compression to the bar. The experiment may easily be 
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performed by two wrenches and a steel or wooden bar, the force 
being applied to the wrenches by hand. The bar will bend as in 
Fig. 161, II, if the forces are toward each other, and as in Fig. 
161, III, if the forces are from each other. 

The clamp of Fig. 162 is subjected to tension and bending. 
The eccentricity is the distance from the center of the screw to the 
center of gravity of any section. In a hook the load line joins 
the shank with the point which is immediately below it when 
loaded. This point is, of course, the point in the concave portion 
which is farthest from the shank. The eccentricity is the dis- 
tance of this load line from the center of gravity of the section. 


Problems 


1 . A 4-mcli by 6-inch short block is subjected to a compressive load of 
6,000 pounds, the line of the resultant load being inch from the axis of the 
block, and in the plane parallel to the 6-inch faces, which passes through the 
axis. Find the maximum compressive stress and the minimum stress. 

Ans. Maximum, 375 pounds per square inch. 

Minimum, 125 pounds per square inch compression. 

2. In Problem 1 solve for the case when the load is 1 inch from the axis. 

Ans, 500 pounds per square inch, 0. 

3. A solid circular rod 2 inches in diameter is subjected to a pull of 15,000 
pounds. Find the maximum and minimum unit stress if the line of the load 
is 0.1 inch from the axis of the rod. 

Ans. 6,684 and 2,865 pounds per square inch tension. 

4 . Solve Problem 3 if the line of the load is 0.3 inch from the axis of the 

rod. Ans. 10,505 pounds per square inch tension. 

955 pounds per square inch compression. 

5 . Solve Problem 4 if the rod is hollow with inside diameter 1 inch. 

Ans. 12,478 pounds per square inch tension. 

254 pounds per square inch tension. 

6. A block h wide and d thick, of rectangular section, has the load so placed 
that the unit stress in the outer fibers on one side is zero. If the line of 
load is in the plane of symmetry parallel to the faces of breadth d, what is 
the eccentricity? 


7 . What eccentricity in a solid circular section of radius a will make the 

unit stress on one side zero? Ans. e = ?* 

4 


8. A hollow circular cylinder of outside radius a and inside radius h is so 
loaded that the unit stress on one side is zero. What is the eccentricity? 


Ans. e 


‘ + 52 


4a 

9. A solid wall has the resultant load 2 feet from the front edge. The load 
is 12 tons per running foot. Assuming that the load is so distributed that 
the top remains plane, find the unit stress in tons per square foot at the front 
edge if the breadth of the wall is 4 feet, 6 feet, 8 feet, 10 feet. 

Atis. 3, 4, 3.75, 3.36 tons per square foot compression. 
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10. In a hook of circular section the distance from the center of gravity 
of the section to the line of the load is 3 inches. The load is 1,600 pounds 
and the diameter of the section is 2 inches. Using Formula XXIV, find 
the approximate value of the maximum tensile and compressive stress. 

Ans, 6,621 pounds per square inch tension. 

5,602 pounds per square inch compression. 


132. Relation of Maximum Unit Stresses to Form of Section. — 

Formula. XXIV may be written, 



where r is the radius of gyration of the section with respect to an 
axis through the center of gravity. Let Ci be the distance to the 
extreme fiber on the side of the eccentric load, and let C 2 be the 
distance to the extreme fiber on the opposite side. If it is de- 
sired that the unit tensile stress and the unit compressive stress at 
the outer fibers shall be numerically equal. 


1 + 


ec\ 



( 1 ) 

( 2 ) 


With a given section, so that Ci, C 2 , and r are known, 
equation (2) makes it possible to find at once the eccentricity 
at which the two units stresses at the outer fibers are numeric- 
ally equal. 

If it is desired that one unit stress shall be n times as great as 
the other. 


n ■+■ 


neci 



( 3 ) 


C2 — nci 


{n + 1)7-^ 
e 


( 4 ) 


Problems 

1. In a bar of circular section subjected to tension, the eccentricity is 

one-half the radius. What is the ratio of the maximum unit compressive 
stress to the maximum unit tensile stress? Ans, H* 

2. Solve Problem 1 if the eccentricity is one-half the radius. 

3. A short piece of a 10-inch 15-pound channel in compression has the 
resultant load 0.4 inch from the center of gravity of the section on a line 
through the center of gravity perpendicular to the web on the side of the web 
on which the flanges are located. Find the ratio of the maximum unit com' 
pressive to the maximum unit tensile stress. 
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133. Maximum Eccentricity without Reversing Stress. — 

brick pier laid in lime mortar has practically no tensile strength, 
and the tensile strength of masonry laid in cement is not reliable. 
For this reason the load on a masonry pier should always bo 
placed so that the stress over the entire section shall be com- 
pressive, Problem 6 of Article 131 showed that a load on a 
rectangular section at a distance from the center greater than 
one-sixth of the dimension of the section in this direction pro- 
duces a negative stress in the outer fibers in the opposite side. 
For this reason it is a rule of architects and engineers that the ' 
resultant load shall not fall outside of the middle third in the case 
of rectangular columns or piers. 

The statement that the load must lie inside the middle third 
means that if the load is on the line BD, Fig. 163, through the 
^ center of the rectangle parallel to the side d, 

it must lie in the middle third of this line. 
In the same way, if the load falls on the line 
FGj it must be between the points CiCi on 
this line. CC is one-third of the length BD, 
From Problem 7 of Article 131 it is seen that 
with piers of solid circular section, the load 
must not lie outside of a circle whose diam- 
eter is one-fourth that of the pier. With a 
hollow pier the circle may be greater with- 
out reversing the stress, so that with eccentric loading in the 
case of materials which are weak in tension, a hollow pier 
may be stronger than a solid one of the same outside diameter. 

For other sections the maximum eccentricity without reversing 
stress may easily be calculated from Formula XXIV. Using the 
negative sign, since the fibers with zero stress are on the side of the 
center of gravity opposite to the eccentricity, 

. P Pec P f ec\ . 


F 

Fig. 163. — Max- 
imum eccentricity 
on principal axes 
of rectangular sec- 
tion. 


6 = “• 
c 

Problems 


ri 




(2) 


1. A hollow pier is 24 inches square on the outside and 16 inches square 
inside. How great may be the eccentricity on a line through the center par- 
allel to the sides without reversing the stress? 

832 

Ans. e = ^ 12 ~ inches. 


A 
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2. In a solid pier 12 inches square, how far may the resultant be placed 

from the center of gravity of the section if it is on a line through the center 
parallel to two faces? Ans. 2 inches. 

3. Solve Problem 2 if the load is on a diagonal. Ans. 1.41 inches. 

4. A square section of side h has the resultant load at a point C, the coordi- 
nates of which are (re, y)j Fig. 164, I. Show that when the unit stress at F is 
zero, the position of C satisfies the equation 


6 a; + 6 y = 6. 

Suggestion. — The moment of inertia of a square section being the same 
for all axes through the center, the rotation will be about the axis OB 
perpendicular to OC. The distance of the extreme fibers at F from this axis 
is equal to EB. 

The distance 


I = 

For zero stress at the corner, F, 


EB == ^(cos e + sin 6). 
¥ 


12 * 


6(cos d -f sin e) = g - 


X A- 


134. Resultant Load not on a Principal Axis. — In all the 
problems of the preceding articles, the resultant load fell on one 
principal axis and rotation took place about the other principal 



axis. In the case of a round or square section, the moment of 
inertia is the same for all axes through the center of gravity, and 
any such axis may be regarded as a principal axis. In other sec- 
tions, when the load does not fall on a principal axis, the axis of 
rotation is not the line OE normal to OC, but is some line OG 
(Fig. 164, III) between OE and the axis for which J is a minimum. 

As in the case of beams where the bending moment is not in the 
plane of a principal axis of inertia (Article 68), it is necessary to 
resolve the moment into two components perpendicular to these 
axes and calculate separately the unit stress at any point due to 
these components. The actual stress at the point is the sum of 
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these and the direct stress. In Fig. 164, III, X-X and Y-Y are 
the two principal axes of inertia, and the resultant load on the 
section passes through the point C, the coordinates of which with 
respect to the principal axes are x and y. 

The component of the moment about the X axis is Py, and 
about the Y axis is Px, The bending stress at a point (xi, yi) 

PxX\ 

due to the moment Px is —j — , where ly is the moment of inertia 


with respect to the Y axis which is perpendicular to the plane of 
the moment. 

The total unit stress at any point {xiy^) is, 


^ P Pxxi Pyyi 

A'^ ly /a: 


If X and xi have the same sign, the second term of the second 
member of (1) is positive, and if y and yi have the same sign the 
third term is positive. 


Example 

A rectangular block 12 inches long, measured from east to west, and 10 
inches wide is subjected to a load of 3,600 pounds 2 inches from the east edge 
and 2 inches from the north edge. Find the unit stress at each corner. 

The bending stress at the north and south edges due to the couple of 10,800 
inch-pounds is 54 pounds per square inch. The bending stress at the east 
and w’est edges due to the couple of 14,400 inch-pounds is 60 pounds per 
square inch. The direct compression is 30 pounds per square inch. The 
unit stresses at the corners are: 144 pounds compression at the northeast 
corner; 24 pounds compression at the northwest corner; 84 pounds tension 
at the southwest corner; 36 pounds compression at the southeast corner. 

Problems 

1. A rectangle 8 inches long and 6 inches wide has a load of 1,200 pounds 
applied 2J^ inches from one 8-inch side, and 3H inches from one 6-inch side. 
Find the unit stress at each corner. 

Ans. 50, 25, 0, 25 pounds per square inch. 

2. A rectangular post 6 inches by 10 inches has the 10-inch sides in the 
meridian. A load of 2,400 pounds is applied 1 inch north and 1 inch east of 
the middle. A horizontal push of 200 pounds is 20 inches above the bottom 
directed south 30 degrees west, the line of the push passing through the 
center of the section. Find the unit stress at each corner at the bottom. 

36.03 pounds at northeast corner. 

22.69 pounds at northwest corner, 

43.97 pounds at southwest corner. 

57.31 pounds at southeast corner. 
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To find the maximum eccentricity in any direction without re- 
versing stress. 


0==l(l + ^ + Ml\. 
AV - rl - ri ) ’ 


( 2 ) 


where Vy is the radius of gyration with respect to the Y axis. It 
will usually happen that both the second and third term will be 
negative. 

Example 


Find the maximum eccentricity of the load in the case of a rectangular 
block of breadth b and thickness d without reversing the stress at the corners. 

b. d , 2 

2 ’ 2 ’ ” 12 ' “ 12 * 

The maximum bending stress of sign opposite to the direct stress will be at 
the corner in the third quadrant if the load is in the first quadrant, and 
both the second and the third terms of (2) will be negative. Equation 
(2) becomes 


This is the equation of a straight line, the intercepts of which are 

h d 

X = -g; 2/ ^ 


CHAPTER XIII 


COLUMNS 

136. Definition. — In the discussion of the preceding chapter, 
no consideration was made of the deflection of the body and the 
effect of this deflection in changing the amount of eccentricity. 
In tension the deflection is such as to diminish the eccentricity 
(Fig. 161, III). In compression, on the other hand, the de- 
flection increases the eccentricity and consequently increases 
the unit stress (Fig. 161, II). A yard stick 
may be placed with one end on the floor and a 
compressive force applied with the hand to the 
other end. When the force reaches a certain 
amount, the stick suddenly bends and may 
deflect several inches from the straight line. 
The original eccentricity of possibly 0.01 inch 
is increased to several inches and the unit stress 
may be sufficient to cause rupture. If the 
stick is placed with one end on a platform scale, 
as in Fig. 165, it is found that the load which 
produces a deflection of 2 inches is little, if any, 
=> greater than the load which causes a deflec- 
tion of 1 inch. The resisting moment has 
colu^. nearly doubled, but the external mo- 

ment has likewise been doubled, owing to 
the increased length of the moment arm. 

A compression member whose length is several times as great 
as its smallest transverse dimension is called a column, There is 
no definite ratio of length to diameter at which a compression 
member ceases to be a short block and becomes a column. The 
formulas of Article 137 will show, that when the ratio of the length 
to the smallest transverse dimension is less than 10, the error made 
by neglecting the deflection is so small that it may ordinarily be 
neglected. Some engineers call a compression member of length 
less than 15 diameters a short block or pier and calculate it by the 
methods of the preceding chapter. 
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Columns may be vertical, as the intermediate posts of bridges, 
or horizontal, as the top chords of a bridge. The connecting rod 
of an engine is a column during the forward stroke. When a 
column is vertical, the only bending moment is that due to the 
eccentricity of the load and the deflection. When a column is 
horizontal or inclined, its own weight applied as a beam becomes 
an appreciable factor. The rafters supporting a roof act as col- 
umns and inclined beams. 

A compression member of some length is frequently called a 
strut. 

136. Column Theory. — Fig. 166 represents a vertical column 
with ends free to turn without friction about 
horizontal axes perpendicular to the plane of the ^ ^ ^ 

paper. Fig. 166, 1, represents the actual column | 1 j 

with deflection somewhat exaggerated, and 
Fig. 166, II, shows the central axis of the col- j' j 
umn with all horizontal distances enlarged. In / / / 

order that formula XV may apply without / / 

change of lett§:s, the X axis is taken vertical / 

(parallel to the length of the column) and the / < 

Y axis is horizontal and positive toward the left i [b ^ 

(so that in turning from the X axis to the Y axis I 

the rotation is counterclockwise). The column ^ 

might be taken horizontal and the bending \ \ ^ 

moment neglected with the same result. The \ \ \ 

origin of coordinates is at the lower end at the \ \ \ 

center of gravity of the section. At a section \\ts 

at a distance x from the origin, the moment arm 
with respect to an axis through the center of jj 

gravity of the section normal to the plane of Fig. 166.— Ool- 
the load and the axis of the column is 2 / + 6, and umn deflection. 

Moment = P(y + e). 

The eccentricity e is measured from the line of the load to the 
center of gravity of the section in order that its sign may be the 
same as the sign of y. When the load is on the negative side of 
the X axis (as in Fig. 166), so that e and y are positive, the center 
of curvature is on the negative side and, consequently, the second 
d'^v 

derivative, is negative. In the same way, if the eccentricity 
were on the other side of the column so that the deflection would 
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come on the right (negative), ^ would always be positive. The 

second derivative has the negative sign when y and e are positive 
and the positive sign when y and e are negative. 

Since the signs of the second derivative and the moment arm 
are opposite, the differential equation is 

-P{y + e). (1) 

This equation may be written 

^ 4 - ^ ( 9 \ 

dx^ El El’ ^ ’ 

which is a differential equation of the second order and first de- 
gree with the right-hand member constant. The student familiar 
with Differential Equations will write it: 

(®’ +£)»--£■ ® 

The solution of (3) is: 

fjp [Y 

y ^ Cl cos X + C 2 sin x - e. (4) 


y ^ Cl cos X + C 2 sin x - e. (4) 

IT 

The term ^ is an angle in radians. (Notice that x is not 

Ip^ 

under the radical sign. The angle may be written It 

does not apply to any angle on the diagram.) 

The student who is not familiar with Differential Equations 
may verify (4) by performing the inverse operations to get (2). 
A solution of a differential equation may always be proved by 
differentiating and eliminating the constants of integration. 
Since this equation is of the second order, two differentiations are 


necessary. 


Differentiate (4) twice to get ^ and substitute this 


and the value of y from (4) in (2). The result is an identity, 
which proves that (4) is a solution of (2). 

To obtain the integration constants, the conditions are 
y = 0 when a; = 0, and 2 / = 0 when x = I, 

From the first condition: 

Cl cos 0 — e = 0; 

Cl = e; (5) 


2 / = e cos 


+ C 2 sin ^ 
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Substituting the second condition in (6) : 



Equation (9) gives the deflection at any point of a column with 
ends free to turn but not free to move laterally. It is a sine curve. 
To find the point of maximum deflection, differentiate and set 

the first derivative equal to zero and find that a; = 2 is the posi- 
tion required. We might have assumed, from the symmetry of 
the figure, that the maximum deflection is at the middle and used 
this instead of the second condition in getting the constant C 2 . 
To get the maximum deflection at the middle: 


e^cos 


2/max 
2/max ~ ^ sec 

3/mai = e^^sec 
2/max + e 


p I 


El 2 


+ tan 


P I 




EI_2 
P_ I 
El 2 


e sec 


L ^ 

El 2 

T I 


El 2' 


= e sec - 


Pl^ 
14. El 


Maximum moment = eP sec 


\PP 

\4EI 


Maximum unit stress = ^ + sec 

A I 


Maximum unit stress 


Maximum unit stress 


P 

A 


(1 + ^ sec yj- 


1 I 

1 + ^ sec 


PP 
4.Er 
PF 
A El 
F_Z 
AE2r 


- e; 

( 10 ) 

Formula XXV. 

( 12 ) 

(13) 

(14) 

(15) 


The ratio of the length of a column to its Jeast radiusijlgyration 

'I 


^ is called its slenderness ratio. 
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1. A wooden bar 1 inch square and 5 feet long, as a column with round 
ends, has the line of the load 0.1 inch from the center of the sections. When 
the load is 200 pounds and E is 1,500,000 pounds per square inch, what is 
the deflection at the middle? 


I Plf 

Ans. = 1-2 radians; ^max + e = 0.276 inch; i/max *= 0.176 inch. 

2. In Problem 1 find the maximum moment and the maximum compress- 
ive stress if the load is on a line through the center of the section parallel 
to one side. 

Ans. 55.18 inch-pounds; 631 pounds per square inch. 

3. Solve Problem 2 if the load is on the diagonal of the section. 

Ans. 668 pounds per square inch. 

4. A 2-inch round steel rod 10 feet long is used as a column with ends 
free to turn. Pind the deflection at the middle and the maximum fiber 
stress on the concave side when the load is 8,000 pounds and the eccentricity 
is 0.1 inch, if E is 30,000,000 pounds per square inch. 

Ans. 2/max + « == 0.1 sec 63° 21' = 0.2230 inch. 

Maximum So “ 4,814 pounds per square inch. 

6. What would be the deflection and maximum unit stress in Problem 
4 if the load were made 10,000 pounds? 

6. A column with ends free to turn is made of a 2-inch round steel rod for 
which E is 30,000,000 pounds per square inch. The length is 5 feet. Find 
the deflection at the middle and the maximum unit stress for loads of 
20,000 pounds, 30,000 pounds, 50,000 pounds, 60,000 pounds, and 70,000 
pounds for eccentricities of 0.01 inch and 0.1 inch. 

Ans. Load 20,000, 30,000, 50,000, 00,000, 70,000. 

^ . r For e = 0.01, 6,763 10,340 19,295 32,483, infinite. 

umt stress | ^ ^ 337 ^g^gQQ 154^000, infinite. 


Consideration of the answers of Problem 6 shows that the unit 
stress for a load of 50,000 pounds with an eccentricity of 0.01 inch 
is only a little greater than the unit stress for a load of 30,000 
pounds with an eccentricity of 0.1 inch. For the load of 50,000 
pounds and eccentricity of 0.1 inch the calculated unit stress is 
49,800 pounds per square inch. With ordinary steel this would 
produce failure. A load of 64,570 pounds will cause failure with 
a column of these dimensions, no matter how small the eccentric- 

I1p¥ ^ 

ity, for this load makes the angle equal to 2 , the secant of 

which is infinity. If it were possible to have the load exactly cen- 
tral, when the load reaches this critical value the column would be 
in a state of unstable equilibrium; the least vibration would start 
it to bending, and it would continue to bend without increase of 
load until it failed. 
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The formulas of this article are calculated on the assumption 
that E is constant. They are valid, therefore, only to the propor- 
tional elastic limit. While tests have shown that columns made 
of one piece will support loads considerably above the yield point 
of the material, tests of built-up columns show that these fail 
when the yield point is reached.* The yield point of structural 
steel is a little above the proportional elastic limit. It is best 
to base the factor of safety on the proportional elastic limit. 

Within the elastic limit these formulas are experimentally and 
theoretically correct. When the dimensions of the column are 
given and the eccentricity is known, equation (13) gives the true 
unit stress, and may be used to determine whether a given column 
will carry a given load with safety. 

137. Application of Column Formulas. — When it comes to com- 
puting the total load P which a given column will carry with a 
certain allowable unit stress, or to designing a column for a given 
load, these equations are not convenient, since neither of these 
quantities is expressed explicitly. Such problems must be 
solved by the method of trial and error. 

When a number of such problems are to be solved, it is a great 
saving of time to represent equation (15) by means of curve 

P I 

or table. To determine the relative values of ^ ” which 

makes the maximum unit stress in the concave side of the column 
at the point of maximum deflection equal to the ultimate strength 
of the material, equation (15) may be written: 


ec 

~2 sec 

y.2 


'\AE2r 



( 1 ) 


where s„ is the ultimate strength of the material. It is difficult 

P I . 

to solve for ^ corresponding to a given value of but it is easy 

I . . P 

to solve for - corresponding to a given j- 


Table XII gives most of the calculation for structural steel for 
which E is 29,000,000 pounds per square inch and the ultimate 
strength is taken as 36,000 pounds per square inch, for the case 

€C 

where the eccentricity is such that ^ = 0.2. 

* See tests of columns for the Pennsylvania Railroad, by Buchanan, 
Engineering News, Dec. 26, 1907. 
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Table XII. — Ultimate Unit Load on a Column with Eound Ends 


E — 29,000,000 and 5« = 36,000 pounds per square inch; p == 0.2. 


p 

A 

>/5rr 


yAjB 2 r 

j 

r 

Degrees 

Radians 

1,000 

35.0 

175. 

00 

CD 

o 

O 

1.565 

533. 

3,000 

11.0 

55. 

88° 58' 

1.553 

305. 

6,000 

5.0 

25. 

87° 42' 

1.531 

213. 

10,000 

2.6 

13. 

85° 35' 

1.494 

161. 

15,000 

1.4 

7. 

81° 47' 

1.427 

126. 

18,000 

1.0000 

5.000 

78° 28' 

1.370 

no. 

20,000 

0.8000 

4.000 

75° 31' 

1.318 

100. 

22,000 

0.6363 

3.182 

71° 41' 

1.251 

90.8 

24,000 

0.5000 

2.500 

66° 25' 

1.159 

80.6 

25,000 

0.4400 

2.200 

62° 58' 

1.099 

76.6 

26,000 

0.3846 

1.923 

58° 40' 

1.024 

68.4 

27,000 

0.3333 

1.667 

53° 08' 

0.927 

60.8 

28,000 

0.2857 

1.429 

45° 34' 

0.795 

51.2 

29,000 

0.2414 

1.207 

34° 03' 

0.594 

37.6 

30,000 

0.2000 

1.000 

0° 0' 

0.000 

0.0 


To find the value of - which makes the maximum unit stress 36,000 
pounds per square inch when the unit load is 15,000 pounds per square 

€C 

inch, with -p, = 0.2, 


36.000 

15.000 


— 1.4 = 0.2 sec 


( I 15,000 I \ 

\ \29,000,000 2 r) ‘ 


‘'{'^29,000 2 r) ~ 


I 15 I 

*\( 29 000 2 T ~ ~ 1.427 radians. 


( 1 ) 

( 2 ) 

(3) 

(4) 


Curve I of Fig. 167 is drawn from the data of Table XII. 
Curve II of this figure is for the case when the eccentricity is 
zero, and is called Euler^s curve. 


7 

The two curves approach each other for large values of ~ 
where the amount of eccentricity makes little difference. For 
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small values of - the eccentricity makes a great difference in 
maximum unit stress. 

BC 

For values of less than 0.2, other curves could be drawn 

between curves I and II, and below the horizontal line at 36,000 
pounds per square inch. 



Example 

Use curve I of Pig. 167 to find the I-beam 10 feet long as a column with 
round ends to carry a load of 40,000 pounds with a factor of safety of 2.5. 

The ultimate load with a factor of safety of 1 is 40,000 X 2.5 = 100,000 
pounds. As the unit load cannot be over 30,000 pounds per square inch the 
area must be greater than 100,000 30,000 or 3.33 square inches. But with 

I P 

an I-beam of this section r is small, making - large and ^ relatively small, 

so that it is advisable to oegin with an area twice as great. A 9-inch 21- 
pound I-beam has an area of 6.31 sauare inches and a least radius of gyration 
I P 

of 0.90 inch, from which - = 133 and -j, from the curve, is 13,750 pounds 

T JL 

per square inch. 

13,750 X 6.31 = 86,700 pounds. 

With the 10-inch 25-pound I-beam, the area is 7.37 square inches; r = 0.97 
I P 

inch; - = 123; ^ = 15,500 pounds per square inch, 

15,500 X 7.37 = 114,000 pounds. 

The first of these beams is too small, and the second is larger than necessary. 
The 9-inch 25-pound I-beam would come nearer but as it is as heavy and 
expensive as the 10-inch beam, the latter would be chosen. 


' i 

5 ; 

\ % 


\\ 


1-^ 




vv 

v\' 
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,^^138. Euler’s Formula. — k& the secant of 90 degrees is infinite 
any column will fail if 


from which 



Formula XXVL 


Formula XXVI and the equation above it are two ways of writing 
Euler’s Formula. It may be derived directly from equation (1) 
of Article 136 for the case where the eccentricity is zero. 




Multiply by dy, 

d^y 

dx^ 




-Pydy. 


dy 


dy d^y _ ^ ^ 


dx dx 
-^zdz = -ydy. 


dx' 


EIz^ 

P 

^dy 

P 
P 


= - 7 / + Cl. 




dx = 


Vc! 




+ (72 


0 when a; = 0, hence C 2 = 0 (or mi), 

C 2 = 0 , 


y 

Using 

When X - Ij y — Qj 


Ip ^ y 
^^'\IeI^ Cl 


CD 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 


3m\j-^ ^ — 0 ; 
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Equation (8) shows that the column bends as a sine curve. 
Formula XXVI contain I but does not include the distance to 
the outer fiber. It follows, that when the eccentricity is negligible 
and the ratio of the length to the least radius of gyration is large, the 
value of the ultimate load does not depend upon the form of the 
column, except in so far as the form changes the moment of 
inertia. 

Curve II of Fig. 167 is Euler’s curve for a modulus of elasticity 
of 29,000,000 pounds per square inch. As a mathematical curve 
it is of infinite length. As an engineering curve it must not be 
used above the point B where the unit load is the elastic limit of 
the material. 

It will be shown later that it is best to use Euler’s curve to 
only one-third the elastic limit. 


Example 

Find the total load with a factor of safety of 2 on a round steel rod 2 
inches in diameter, if the elastic limit is 30,000 pounds per square inch and 
E is 29,000,000 pounds per square inch, for lengths of 40, 60, 80, and 100 
inches. 

As these lengths are all multiples of 20 inches, begin with this length and 
find the others by dividing by the square of the ratio. The radius of gyra- 
tion of a solid circular area being one-half the radius, r = 3^ inch. For I = 20 
inches, 

P 9.87 X 29,000,000 , . , 

_ _ . = 178,894 pounds per square inch 


Length, 

inches 

Unit load. 

Total safe load. 

lb./in.2 

pounds 

40 

44,723 


60 

19,877 

31,223 

80 

11,181 

17,563 

100 

7,156 

11,240 


For the 40-inch length as calculated by Euler's Formula, is 44,700 
A 

pounds per square inch, which is above the elastic limit, and therefore 
cannot be used. For the 60-inch length the unit load is less than 20,000 
pounds per square inch. This is below the elastic limit, and may be divided 
by the factor of safety and multiplied by the area of the section to get the 
total safe load. Euler's formula should not be used for this load unless it 
is certain that the eccentridty is negligible. For the greater lengths the 
eccentricity makes little difference, as may be seen from the curves of 
Fig. 167. 
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Problems 


1 . A yard stick, with the ends slightly rounded, was placed vertical with 
the lower end on a platform scale and a load was applied to the upper end 
(Fig. 165). The load and deflection were measured. 


Load in Deflection at the 

pounds middle, In Inches 

5.00 0.03 

6.00 0.20 

6.40 0.25 

6.48 1.00 (Load dropped to 6.28) 

6.28 2.50 


Calculate El from the last two readings by Euler’s formula. Ans. 851, 825* 

2. The yard stick of Problem 1, supported as a beam at points 34 inches 
apart, was deflected inch at the middle by a load of 1 pound at the 
middle. Find El and compare the result with Problem 1. 

3. The yard stick above mentioned was 1 .06 inches wide and 0.18 inch thick. 

I 

Find E and 

r 

4 . Find the total safe load, with a factor of safety of 4, on a 6-inch by 
6-inch oak post, 15 feet long, if E is 1,000,000 pounds per square inch and 
the elastic limit is 3,000 pounds per square inch. Ans. 8,225 pounds. 

6. Could Euler’s Formula be used in Problem 4 for a length of 5 feet? 


139. Classification of Columns. — Columns may be divided, 
according to the nature of the ends, into the following classes: 

I. Both ends free to turn about horizontal axes but not free 
to move laterally, Figs. 166 and 168, I. 

II. One end fixed and the other end free to turn and free to 
move laterally, Fig. 168, IL 

III. Both ends fixed so that the tangents at the ends do not 
change. Fig. 168, III. 

IV. One end fixed and the other end free to turn about one or 
more horizontal axes, but not free to move laterally. Fig. 168, IV. 

Case I is the only one so far considered. If L is the total length 
of the column, and I is the length of the sine curve ABC as Used 
in the theory of Articles 136 and 138, Z = L for case I. 

In case II, the entire column of length L corresponds to the 
upper half AB of the sine curve. Hence for case II we use 2 L for 
Z in Formulas XXV and XXVI. 


dy 

In case III, — is zero at each end and at the middle. 
ax 


The 


middle half ABC corresponds to the sine curve of case I. This 
portion of the sine curve is represented by I in the formulas. 

If L is the entire length DF, then ^ = 2 * ^ column with both 
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ends rigidly fixed will carry as great a load as a column of half its 
length with ends free to turn. 

The points A and C, at one-fourth the length from the ends, 
are points of counterflexure. The portion AD is one-haK of a 
sine curve. If revolved 180 degrees in the plane of the paper 
about the point A, the curve AD will coincide with AB. The 
moment is zero at A and C. Case IV is fixed at one end and free 



Fig. 168. — Types of ideal columns. 

of counterflexure is at C. As there is no moment at C, the result- 
ant force at A must be in the direction AC. The portion ABC 
forms a sine curve similar to the preceding cases with the line AC 
corresponding to the X axis in Fig. 166. The lower portion CF 
forms a part of a sine curve as far as the plane of the body which 
holds it. Below that plane it is straight. The portion CG is less 
than one-half of AC. It is evident, therefore, that AC is more 
than two-thirds of L. The solution of the differential equation 
shows that AC is nearly 0.7 L. 

I = 0.7 Lj F = 0.5 nearly. 

In Fig. 168, V, the top of the column has been displaced later- 
ally. If this displacement is such that the point B is as far 
from the line AC as the top A is displaced from the vertical line 


240 


STRENGTH OF MATERIALS 


[Aut. 140 


through Fj then the line AC from the end to the point of counter- 
flexure becomes vertical. In this position AC is two-thirds of L, 
there is no horizontal force at the top, and the vertical force P 
is greater than in Fig. 168, IV. The position is unstable and 
easily changes to the one in which the curves are reversed, with 
C and B deflected to the right of the vertical line through F, in 
which position the load P, which produces a large deflection, is 
less than in case IV. 

Problems 

1. A yard stick, with ends rounded, was deflected a large amount by a 
load of 6.1 pounds at the end, as in case 1. Find El by Euler’s formula. 

2. The same yard stick was clamped 4 inches from one end and the load 
was applied as in Fig. 168, IV. It was found that a load of 15.42 pounds 
produced a deflection of over 1.5 inches. Find El by Euler’s formula. 

3. The load in Problem 2 was displaced 1 inch south of the vertical line 
through the bottom. The vertical component of this load was 17.12 pounds 
with a deflection of 2 inches south. The horizontal component was found 
to be zero. Find Ely using two-thirds of 32 inches as 1. 

4. A solid circular steel rod stands in a vertical position with the lower 

end fixed. A load of 100,000 pounds is applied at the free upper end at a 
distance of 1 inch from the center. The diameter of the rod is 6 inches, 
and its length from the fixed point is 15 feet. If E is 30,000,000, find the 
deflection at the end and the maximum fiber stress by the formulas of Article 
136. Ans, Maximum stress, 21,320 pounds per square inch. 

140. End Conditions in Actual Columns. — The classification 
of Article 139 represents ideal conditions, which are only approxi- 
mated in practice. The columns in actual use are: 

Round-end columns, which end with spherical or cylindrical 
surfaces. They sometimes end with knife-edges, which may be 
regarded as cylinders of small radius. The round surfaces roll 
on plane surfaces with practically no friction. Round-end 
columns are not used in structures and are rarely used in machines- 
They are used in tests to check the accuracy of theory, as they 
fulfill very closely the conditions of case I of ends free to turn. 

A pin-end or hinged-end column ends with cylindrical surfaces 
which turn in cylindrical hearings (Fig. 169, I). Fig. 169, II, 
shows one end of a pin-connected column made of two channels 
latticed together. This form of connection is commonly used in 
bridges. A column which ends with a ball and socket is practi- 
cally the same as a hinged-end column, except that it is free to turn 
in any plane instead of in the single plane normal to the axis of 
the hinge. 
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If the pin of a hinged-end column rolled on a plane surface, 
there would be little friction, and the case would be the same as 
that of the round-end columns. Usually the pin turns in a close- 
fitting bearing, so that the friction is considerable. A hinged- 
end column may be anywhere between case I, with the ends free 
to turn, and case III, with the ends fixed. If the pin is small, the 
moment arm of the friction is small, and a slight eccentricity 
will cause it to turn. If the pin is large, the opposite is true. 
In the moving parts of machinery, the pin connections are lubri- 






Gated so that they turn easily. The connecting rod of an engine 
is an example. 

Fig. 170 shows, diagrammatically, the behavior of a pin-end 
column. At first it acts as a column with fixed ends (Fig. 170, 1). 
When the moment at the end becomes greater than the product 
of the starting friction at the surface of the pin multiplied by 
its radius, the column turns at the end to some position similar 
to Fig. 170, II. In this position, the points of counterflexure A 
and C are nearer the ends, and the moment on the pins is less. 
The column may finally change to the position of Fig. 170, III, 
which is that of case I. In this last position, it will support a 
load much smaller than in the first position. If the ratio of the 
length to least radius of gyration is 200 or more, so that Euler^s 

X6 
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formula applies to both the whole and the half length, the 
column in the last position will carry a load only one-fourth as 
great as in the first one. 

Some interesting tests of columns were made at the Pencoyd 
Iron Works in 1883 by James Christie.* In these tests, some of 
the so-called Aingfcd-end columns were fitted with hemispherical 
balls turning in sockets. The balls were located as nearly as 
possible in the line of the axis of the column by careful measure- 
ments. Owing to the fact that no column is absolutely straight 
and perfectly uniform in section and homogeneous in structure 
throughout its entire length, this method did not always put the 
centers of the hemispheres exactly on the axis of the column. 



Fig. 170. — Deflection of hinged- Fig. 171. — Square-end columns, 
end column. 


The final adjustment was determined by trial in the testing 
machine; a small load was applied and the deflection measured. 
The hemispheres were then moved a little and the test repeated, 
until a position was found where a considerable load caused no 
appreciable deflection. The column was then loaded to failure. 

t“When the point of greatest strength was reached, the be- 
havior of the specimen was peculiar. Under ordinary circum- 
stances the bar, while bending under strain, rotated from the 
start on its hinged ends. When correctly centered, no such 
rotation occurred at the beginning of the deflection, but the bar 
bent like a flat-ended strut, till the point of failure was reached, 

* Transactions of the American Society of Civil Engineers^ 1883, pages 
85-122. 

t Ihid.j page 87. 



Chap. XIII] 


COLUMNS 


243 


when it rotated on its ends suddenly, as sometimes to spring 
from the machine.” These results could not be secured when the 
balls or pins rolled on plane surfaces, and were difhcult to get 
when the pins were small. 

The effect of the size of the pin was shown in these experi- 
ments. Two angles of the same length were cut from the same 
bar. One of these tested with a 2-inch ball and socket failed at 
36,500 pounds per square inch; the other tested with a 1-inch 
ball and socket failed at 24,010 pounds per square inch. Similar 
results were obtained in other experiments. 

These tests and many others show that the friction at the ends 
of a hinged-end column partially fixes the ends and increases the 
ultimate strength. It must be remembered, however, that in 
the testing machine the loads are applied with little vibration. 
In structures such as railway bridges, where there is large vibra- 
tion, it is probable that the friction of the pins gives little help, 
and it is safest to regard hinged-end columns as equivalent to 
round-end columns. 

Square’-end or flat-end columns end with plane surfaces in con- 
tact with plane surfaces. They must be accurately fitted if ec- 
centric loading is to be avoided. If a beam resting on a square- 
end column bends under its load (Fig. 171, II), the load on the 
column becomes eccentric. Footings which support columns 
often settle unevenly and cause large eccentricity. 

Pin-end columns are practically square-end with respect to 
the axis of the pin. 

A column with a pin connection at one end and a square con- 
nection at the other is called a 'pin-w.d.-square column. This 
term includes columns with one end fixed and the other hinged. 
This column approximates the conditions of case IV. 

Fixed-end columns are riveted to the remainder of the structure 
in buildings and bridges. In machines they are fastened in vari- 
ous ways. The connection can never be absolutely rigid, and 
the member to which the column is fixed must suffer some de- 
flection, so that there is always some change in the slope of the 
tangent at the fixed” points. When the column is very flexible 
compared with the body to which it is fixed, it may then be re- 
garded as an example of the ideal case and I may be taken as 
equal to half the length L. In the case of the yard stick described 
in Problem 2 of Article 139, the column was firmly clamped to 
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the 2~inch by 4-inch post and the value of ^ was ovtn' 8CK), making 

it relatively very flexible, so that this gave ccmHintent reHuItH 
when treated as an example of a column fixed at one tnid. In 
machines this condition is somctimeB met, but it never oecutrn 
in structures. 

141. Some Experiments Showing Effect of End Conditions.— 
It is evident that the value of I to be used witli ami 

fixed- end columns in calculating the unit load in greater than 

2 and less than L. In the case of the **pin-and-H(iuare^^ column, 

Tablr XIII. — Pkncoyd Tests of WiiouoiiT-ntoM Hthoth 


Average Results for AaglcH aatl Tees 


L 

^ , ultimate unit load in pounda per wpmrr 
A 

' imdi 

r 

Round ends 

iringed endi 

Flat en<l« 

j Fiitwl ends 

20 

44,000 

46,000 

49,000 

! 

45,000 

40 

36,500 

40,500 

41, 0(H) 

3H,(KK) 

60 

30,500 

36,000 

36, 5tK) 

34,000 

80 

25,000 

31,500 

33,5(K) 

32, (KK) 

100 

20,500 

28,000 

30,250 

30, (KK) 

120 

10,500 

24,250 

26,500 

2H,CKm 

140 

12,800 

20,250 

23,250 

25,500 

160 

9,500 

16,350 

20,500 

23,000 

180 

7,500 

12,750 

IH,0(K) 

20, mm 

200 

6,000 

10,750 

15,250 

17,5(K) 

220 

5,000 

8,750 

13,000 

l5,rKK) 

240 

4,300 

7,500 

n,500 

13, (KK) 

260 

3,800 

6,500 

10,250 

it, mm 

280 

3,200 

5,750 

8,750 

10,0(K) 

300 

2,800 

5,000 

7,350 

9,000 

320 

2,500 

4,500 

5,750 

8,rMK) 

340 

2,100 

4,000 

4,050 

7,o(m 

360 

1,900 

3,500 

3,900 

6,500 

380 

1,700 

3,000 

3,350 

5,800 

400 

1,500 

2,500 

2,950 

5,2(K) 

420 

1,300 

2,250 

2,5(K) 

4,800 

440 



2,100 

2,200 

4,300 

460 


1,900 

2,000 

3,800 

480 


1,700 

1,900 
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it is less than L and (if the friction of the pin is small) greater 
than 0.7 L. The best values to be used should be determined 
from tests of full-size columns under a wide range of conditions. 

The experiments of Christie, previously mentioned, are in- 
structive in this regard. In Table XIII are the results of these 
experiments for angle and tee sections. 

In this table L is the total length of the column as in Fig. 146, 
and T is the least radius of gyration. It was found that the 
columns failed in the direction for which radius of gyration was 
the minimum. 

The figures of this table give some idea of the relative value of 
hinged, round, fixed, and flat ends. For instance with the unit 

load of 25,000 pounds per square inch, ^ is 80 for round ends. 

For flat ends, this value of the unit load lies between 26,500 for 

which ~ is 120 and 23,250 for which — is 140. Interpolation gives 

^ Jj ^ 

129 as the value of - for flat ends corresponding with the ultimate 

unit load of 25,000 pounds per square inch. As far as this ex- 
periment goes, it indicates that in calculating a flat-end column 

80 L 

the value of I in the formulas should be taken as = 0.62 L. 

In a similar way for fixed ends the unit load of 25,000 pounds per 

square inch corresponds with an - of 144, which makes I = 

0.56 L for this particular case. For hinged ends the correspond- 
ing slenderness ratio is 119 and I = 0.67Z/. 

In the case of the hinged ends, owing to the lack of vibration, 
the load was probably greater than would be found in railway 
bridges subjected to the jar of fast trains. A lubricated hinged- 
end column, such as the connecting rod of an engine, would prob- 
ably approximate closely to an ideal round-end column, and I 
would be nearly equal to L in the formulas. 

Problems 

L 

1. Using “ equals 60 for round ends, find the equivalent lengths of hinged, 

flat, and fixed ends, and the corresponding values of I in terms of the entire 
length L. Ans. I - 0.70 h, I = 0.61 L, I = 0.63 L, 

2. Using ^ equals 100 for round-end columns, find the corresponding 
values for hinged, flat, and fixed ends, and values of I in terms of !». 

Ans. - = 138, 160, 177. 

T 
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If we take all the values for round ends from 40 to 200 inclusive and 
determine the values of - which give the same unit load for the other end 

T 

conditions, we get the following ratios: 

Hinged Flat Fixed 


Minimum 1*29 1.50 1.25 

Maximum 1-45 1.69 1.87 

Mean of all 1.37 1.60 1.72 


In the case of the fixed ends, only one value was below 1.50. 

As far as these figures go, they indicate that a flat-end column 
16 feet long, a fixed-end column 17.2 feet long, or a hinged-end 

column 13.7 feet long, will carry the 
same total load as a round-end column 
10 feet long of the same cross-section. 

142. The Ultimate Strength. — The 
formulas of the preceding articles are 
derived under the assumption that E is 
constant. They are valid, therefore, 
to the proportional elastic limit only. 
The actual ultimate strength, for 
columns of one piece, is considerably 
above this limit. Table XIII for 
wrought-iron columns made of single 
shapes show an ultimate strength of 
49,000 pounds per square inch. These 
tests were made slowly so there was 
ample time for the raising of the yield 
point which occurs in wrought iron and 
steel. 

For huiltrU'p columns of wrought iron 
or steel the ultimate strength is the yield 
point of the material. 

Fig. 172 shows one of a series of wrought-iron columns tested at 
Watertown Arsenal in 1884 (''Tests of Metals,” 1884, page 17). 
The column was tested with 3.5-inch pins. The length center to 
center of pins was 20 feet, and the deformation was measured in a 
gage length of 200 inches. The average cross-section of channels 
and plates was determined from the weight and specific gravity. 
The cross-sections were: 

Square inchea 

Channel A 3.00 

Channel B 3.05 

Plate C 2.66 

Plate D 2.60 



1 

^ 10 -^ 

S 1 


% 

If 1 

^2 


Fig. 172. — Column tested at 
Watertown arsenal. 
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•Test op Whought-ieon Plate and Channel Column at 
Watertown Arsenal 


Total load 


Compression in gage 
length of 200 inches 


Deflection at the middle 


Perpendicular to pins Parallel to pins 


Pounds 

Inch 

1 

Inch 

1 

Inch 

5,000 

0.0 

0.0 

0.0 

30,000 

0.0169 

0.0 

0.0 

50,000 

0.0293 

0.01 

0.01 

5,000 

0.0 

0.0 

0.0 

80,000 

0.0482 

0.01 

0.01 

100,000 

0.0610 

0.02 

0.01 

5,000 

0.0 

0.0 

0.0 

130,000 

0.0804 

0.03 

0.02 

150,000 

0.0931 

0.03 

0.02 

5,000 

0.0010 

0.0 

0.01 

180,000 

0.1118 

0.04 

0.03 

200,000 

0.1247 

0.04 

0.03 

5,000 

0.0016 

0.0 

0.02 

230,000 

0.1444 

0.06 

0.03 

250,000 

0.1580 

0.07 

0.03 

5,000 

0.0041 

0.0 

0.03 

260,000 

0.1651 

0.09 

0.03 

270,000 

0.1725 

0.10 

0.03 

280,000 

0.1797 

0.12 

0.03 

290,000 

0.1870 

0.13 

0.03 

300,000 

0.1954 

0.17 

0.03 

5,000 

0.0110 

0.03 

0.03 

310,000 

{Micrometer 

0.20 

0.03 

320,000 

removed) 

0.27 

0.03 

325,000 


0.32 

0.03 

330,000 


0.45 

0.03 

330,100 


0.48 

0.03 


Failed by deflection perpendicular to the plane of the pins; with plate C 
on. the convex side. 

After reaching the maximum load, the deflection increased slowly till it 
reached 0.75 inch, the load at the time being 320,000 pounds. From this 
point the rate of deflection accelerated till it reached 1.80 inches under 
310,000 pounds load, when sudden springing occurred, increasing the deflec- 
tion to 3.35 inches, while the pressure fell to 155,000 pounds. 

''Released to the initial load, the deflection was 2.08 inches. 

"A sharp bend was found 20 inches from the middle of the post; the plate 
on the concave side buckled between the riveting. Pinholes elongated 
0.01 inch.’' 
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The initial load was 5,000 pounds. The set was determined 
by returning to the initial load after each 50,000 pounds in- 
crement. The deflection at the middle was measured per- 
pendicular and parallel to the pins. Some of the readings are 
given in Table XIV. 

In this test the maximum load was nearly 29,200 pounds per 
square inch. The unit stress on the concave side was this figure 
plus the stress due to bending. We get the maximum bending 
moment by multiplying the load by the deflection 0.48 inch. The 
moment of inertia of the section with respect to an axis parallel 
to the pins is about 86. This gives a bending stress of 6,100 
pounds, making the total compressive stress at the beginning of 
failure 35,300 pounds per square inch. 

It is probable that at the beginning of failure the column was 
in condition I of Fig. 170, the friction causing it to act as if the 
ends were fixed. In this case the moment arm is only half the 
deflection at the middle and the actual maximum stress is only 
32,000 pounds per square inch. 

Other columns of the same set gave similar results. Other 
sets of tests, notably those of Buchanan for the Pennsylvania 
Railroad, agree in indicating that the value of Su should not 
exceed 35,000 for wrought iron and 40,000 for structural steel. 

143. Column Formulas Based on Allowable Stress. — Instead 
of deriving the curve of unit load and slenderness ratio from the 
ultimate strength and modulus of elasticity, it may be based 
upon the allowable unit stress and on a working modulus of elas- 
ticity, obtained by dividing E by the factor of safety. In the 
case of structural steel, when 16,000 pounds per square inch is 
used as the allowable unit stress in compression the factor of 
safety is about 2.25 based on a yield point of about 36,000 pounds 
per square inch. Dividing 29,000,000 by 2.25 gives practically 
13,000,000 pounds per square inch as the working modulus of 
elasticity. Representing the working modulus of elasticity by 
Ey, and the allowable unit stress by equation (1) of Article 
137 becomes 


ec 

;:2 sec 


rp I 

\AEw 2r 


Syf 

T 

A 


1 . 


Fig. 173 is the curve giving the allowable values of the unit 
load for soft steel. 

It is not necessary that the same factor of safety be used in 
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calculating and This depends largely upon the variation 
of the quantities upon which the factor of safety is based, and 
upon whether the factor of safety is employed chiefly to provide 
for variation of the resisting material or for variation of loading. 
In structural steel there is little variation in the modulus of 
elasticity. The yield point varies somewhat more relatively 
but the difference is not large in steel of a given quality. 

In cast iron there is no yield point and the proportional elastic 
limit is low. Fig. 96 shows it to be about 13,000 pounds per 
square inch in compression and 3,000 pounds per square inch, or 



Fig. 173. — ^Allowable unit load on steel column. 


less, in tension. The ultimate strength in tension is about 25,000 
pounds per square inch, so that if there is much eccentricity the 
unit load on a cast-iron column should be kept low. 

The ultimate compressive strength of cast iron is about 80,000 
pounds per square inch. The value of which is recommended 
by some standard specifications is 10,000 or 9,000 pounds per 
square inch, corresponding to a factor of safety (based on the 
ultimate strength) of 8 or 9. This is unnecessarily high for the 
modulus of elasticity. A factor of safety of 4 makes the work- 
ing modulus of elasticity 4,000,000 pounds per square inch. The 
curve of Fig. 174, I, is based on this modulus and on an allow- 
able compressive stress of 9,000 pounds per square inch. 

Fig. 174, II, is the curve for long-leaf yellow pine. The work- 
ing values of the uiiit compressive stress and the modulus of 
elasticity are taken as 1,000, and 300,000 pounds per square inch 
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corresponding to a factor of safety of 5 in each case. The great 
variation in the modulus of elasticity of timber makes it neces- 



I 



II 


Fig. 174. — ^Allowable unit loads on columns. 

sary to use a greater factor of safety, than would be required in 
material having a constant modulus. 



CHAPTI‘;it XIV 


COLUMN FORMULAS USED BY ENGINEERS 

144* Straight-lina Formuks*^^^ tMirvc^n of Mg, 1(17 i^how 

I . 

that Kulcr’s formula luay ho unod witli liiths oviur whou^^ in largo 

and that a considcrahlc eooord.rituty mak(»H littlo difTorciruto. 
For Binallar valucB of tho Hlondorn<»HH ratio, Isulor’n formula mml 
not be umdj and a nlight dilToronoo in (Juj (‘(tccmtririty makon a 
relatively largo <lilTor(moo in tlui n^Hultn <if tlu^ nooatit formula. 
In HtructurcH, (^npocially whore? {lat-emd or fixt‘<l'«emd oedumnn are 
UBod, there in unually ooriHidorahlo um^eul.ainty in n^gard tt» the? 
amount of eccentricity. It in, thoroforo, not wort.h wliih? to g<j 
through the lal)or of cahniluting with tho .secant hermulan, e‘xeopt 
in tho canes of relatively largo ktmwn e<*(H?ntric»ity. MngiuemH 
make use of simpler appr<^ximat(5 formuhis. A hnv yourn ng(» 
llankine's formula was most uhchL At pr(\sent, the Htraiuhtdinv 
fornmUiH have tho preferimee in Americ^ari pi’aetics?. 

A straight-line column formula f<jr the ultimate? unit load Itan 
the form: 

I 

, ' k . Formula XXVIL 

A r 

wliore h is a constant depending upon the properties of tlie 

p I 

material. If ^ y and ^ .r, this is ree.ogni/ 4 Hl m the ecfuation 

of a straight line with the Y irdereept ecpial to Hu and witli ii 
negative slope capial to L 

If in I'ig. 107 a straiglit line he drawn tlirough the point (C), «**) 
and tangent to hhiler^s curve, this straight line is found to deviate 

little from tlie secant curve. IMxcapt for small values of slight 

changes in tiio eccauitricity will cause the muuuit curve to I'lmti 
from one side of this straight line to tlie other. Hiicfi ii straight 
line, then, will give fairly approximate values for the unit IoimIs 
for the uncertain eccentricities which occur in practice, for all 

values of ^ to the left of the point of tangency except very iinall 


ones. 


252 


STRENGTH OF MATERIALS 


[Art. 145 




Fig. 175 shows the method of finding the constant of the 
straight-line formula graphically. Curve I is Euler^s curve for 
steel for which E is 29,000,000 pounds per square inch. The 
straight line II is drawn tangent to Euler’s curve and passes 
through point on the Y axis. With Su equal to 36,000 pounds 
per square inch the straight line intercepts the X axis at about 
233. The slope is 36,000 -i- 233 = 154, so that the straight-line 

P 7 

formula for this steel is = 36,000 ~ 154 

This straight-line formula is valid to the point of tangency, or a 
little beyond that point where it does not differ appreciably from 



Feg. 175. — Straight line for steel column. 

Euler’s curve. It may be used for values of ^ up to about 160 ; and 
Euler’s equation is used beyond that point. 

p 

Curve III is the straight line for allowable values of with a 

factor of safety of 2.25. It ends at the point (?. Beyond that 
point use Euler’s and divide the result by 2.25. 

Problem 

Plot Euler^s curve for timber for which E == 1,200,000 pounds per, square 
inch. Draw a straight-line if ultimate strength is 4,000 pounds per square 
inch, and derive a working formula with a factor of safety of 4. 

146. Algebraic Derivation of the Straight-line Formulas. — 
While a straight-line formula may always be derived graphically 
by plotting Euler’s curve and drawing the tangent, the methods 
of Calculus are convenient and lead to a simple algebraic result. 
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The probl(3in ia that, of drawing a Htraifcht lino tlirouKh a givoti 
point tangent to a given cui'vo. Enlor’a formula may be written : 


P I 

y =3 , x : ■ , and a ir*K. 

" A r 

'i’ho problem ia to <lraw a tangcmt to curve (I) wliieli ahall paan 
through tlui point (0, ««)■ 'I’ho eipiation of tliia tangent tine ib: 

2 a V fJi 

whore aij is the abHciaHa of the point of tang(‘ney. 

Since the atraight line (2) paaw^H through th<3 point of tatigmicy 
wliOHO oodrdinatoH are (xi, yd, tlutw^ cohrdinaleH HatiHfy the etjua- 
tion of the lino; hem^o 


Alao, Hince the point of tangeney is on th(3 curve, thew^ co(irdi- 
natcH Hatiafy ecpiation (1); atui 

J/i ('*) 


(lombining (3) and (4) for the co(">rdinat(m of Mum point of con- 
tact: 

yi « Kormula XXVllI (5) 


The vahio of xi from (0) may l)c Hulwtituterl in (2) to get the 
doHirod Htraight-line equation. It in Uittor to uho the enaily 
remembered fact of h'prnuila XXVIII tliat the or<iinato of the 
point of tangeney iw one-third of the Y intercept of tiie straight 
lino, TIuh value Hubstitutod in Enlor'H formula gives the abacissa . 
of the point of contact. This givem the coordinates of two fjoints j 
on the Ht.raight lino from which to derive its otpiation. I 

J BxumpU 

Derive a Htraight-linii formula for steel for which the ultimate «tr«'nglh 
is 36,000 iK)\ui<le per senmro inch and E is 20,(X)0,000 pounds imr scpiaro inch. 
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One-third of the ultimate strength is 12,000 pounds per square inch, 
which substituted in Euler’s formula gives 




F j 
7 ^ 


12,000 = 








l\ 2 9.87 X 29,000,000. 


12,000 


r = 154. 

T 


|X 36,000 


* = = 156; 

K = 36,000 - 156 -• 

A T 


A working formula with a factor of safety of 2.25 is: 


^ = 16,000 


69 


Problems 


1. Derive a straight-line formula for timber for which the ultimate 

strength is 3,000 pounds per square inch and the modulus of elasticity is 
1,200,000 pounds per square inch. Ans, slope = 2,000 4- 109 = 18. 

Kf } ' / , , P 7 

^ V ‘ 4 = 3,000-18-. 

z?rtrh.u A 

2. Derive a working formula with a factor of safety of 3 for the material 
of Problem 1, 


Ans. -j = 1,000 - 6 


3. Derive a straight-line formula with a factor of safety of 5 for cast iron 
for which Su is 50,000 pounds per square inch and E is 15,000,000 pounds 

per square inch. P I 

Ans. -7 = 10,000 - 70 - 

A r 


Instead of deriving a straight-line formula from the ultimate 
strength and modulus of elasticity, it may be based on the allow- 
able compressive stress and a working modulus of elasticity. If 
the same factor of safety is used in deriving the allowable unit 
stress and the working modulus of elasticity from the ultimate 
strength and E, the formula will be the same by both methods. 
But if the modulus of elasticity is more uniform than the ultimate 
strength, a lower factor of safety may be used in deriving the 
working modulus of elasticity than in deriving the working unit 
stress. 
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Problem 

4. A given timber has an average ultimate compressive strength of 
5,000 pounds per square inch but large variation in the different samples. 
The modulus of elasticity is 1,200,000 pounds per square inch on the average 
with little variation. It is believed to be equally safe if the factor of safety 
for the working unit stress is 5 and that for the modulus of elasticity is taken 

as 3. Derive a straight-line formula. . P ^ ^ I 

Ans. -j- = 1,000 — 6-- 
A r 

146. Connection of Straight-line and Euler’s Formulas. — 

I P 

A straight-line formula is valid for values of ~ which make -j 
greater than one-third of Su (where Su is the first term of the second 
member of the equation), or which make k - less than two-thirds 

of Since the tangent leaves Euler’s curve gradually at first, 
the straight-line equation may be used for some distance beyond 
the point of tangency with little error, and this error is on the 
safe side. 


Example 

A working formula for a given steel is 

F I 

-T = 15,000 - 60-* 

A ^ r 

Find the total load on a 2-inch round rod as a column with ends free to 
turn for lengths of 5 feet and 8 feet. The radius of gyration is 0.5 inch and 

- is 120 for the 5-foot column and 192 for the 8-foot column. For the 5-foot 

T 

column, 

^ = 15,000 - 7,200 = 7,800; 

P ~ 7,800 X w ~ 24,500 pounds. 

For the 8-foot column, 

p 

= 15,000 — 11,520 = 3,480 pounds per square inch, 

jCX 

which is less than one-third of 15,000, showing that Euler’s formula should 
be applied to this case. 

To find the limiting value of y 

10,000 = 60 -> - = 167. 

J J. J. 

This formula applies for values of ^ not greater than 167, 

It seldom happens that a column is made with a slenderness 
ratio so large that the straight-line formula cannot be used, 
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but when this does happen it is necessary to connect with Euler^s 
formula. Straight-line formulas are frequently given with no 
hint as to the factor of safety or the modulus of elasticity upon 
which they should be based. The formula is frequently based 
upon a few experiments with relatively short columns and is 
likely to have too little slope, as the curve based on the secant 
formula is nearly horizontal at first. To extend such a formula 
for use with long columns, and to determine whether it is safe 
to so use it, 

Sy) TT^Ey) / - \ 


where Sw is the first term of the second member of the straight- 
line formula, Ew is a working modulus of elasticity, and - is 

P s 

obtained from the equation of the straight line when J 

-kl 


which substituted in (1) gives 

TT^Eyj = 


In the example above, 

= - 

For a length of 8 feet, 

P _ 25 X 10« 
A “ 18 X 192* 


4 X 15,000^ 
27 X 60 X 60 


25 X 1Q« 
18 


= 3,768 pounds per square inch, 


which is a little greater than the results obtained from the straight-line 
formula. 

From (3) Ew is found to be about 14,000,000 pounds per square 
inch. If E for this steel is known to be 29,000,000 pounds per 
square inch, the factor of safety is a little over 2. 

Problems 

1. The American Railway Engineering and Maintenance of Way Asso- 
ciation recommends for structural steel the column formula 

‘ P I 




Chap. XIV] 


COLUMN FORMULAS 


257 


withi a maximum of 14,000 pounds per square inch. What value of 
will make Euler’s formula connect with this line as a tangent? 

Am. 123,800,000' 

2. What is the factor of safety in Problem 1? 

147. The American Rahway Formula. — The Specifications of 
the American Railway Engineering and Maintenance of Way 
Association recommend for structural steel, 


16,000 - 70 

A r 


Formula XXIX. 


with a maximum of l?,~OD0 pounds per square inch. The reason 
for a maximum value less than 16,000 pounds per square inch is 


evident from Fig. 176. 

X 18000 

o 

z 

U) 16000 S— 

3 14000 

<y 

Ui 



1 ii 120QQ 

CL 

^ 10000 



z 

S 8000 



o. 

Z 



o 



t 

D 2000 





^ 0 20 40 60 80 100 120 140 160 180 200 220 240 

LENGTH-rUEAST RADIUS OF GYRATION 

Fig. 176. — ^Straight line and secant curve for steel. 

for material for which the allowable compressive stress is 16,000 
pounds per square inch and the working modulus of elasticity is 
13,000,000 pounds per square inch, corresponding to a factor of 
safety of about 2.25. The straight-line equation from these 
P I 

constants is ^ = 16,000 — 69 which is practically the same as 

Formula XXIX. This straight line is drawn as Fig. 176, III, 
up to 14,000 pounds per square inch where it connects with the 
p 

horizontal line j = 14,000. It will be noticed that the secant 

curve is nearly horizontal at first and is only little above the 
horizontal part of the straight line. A slight increase in the 
eccentricity would throw the secant curve below the straight line. 

17 
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These specifications further state that, ^^the lengths of main 
compression members shall not exceed 100 times their least 
radius of gyration, and those for wind and sway bracing 120 
times their least radius of gyration.'^ Formula XXIX is valid 
for values of the slenderness ratio up to 152 so that it applies to 
all columns permitted in structural work. In an extreme case 
where a longer column is required, use Euler’s formula with 
E = 13,000,000 pounds per square inch or less. 

Problems 

, 1. Calculate the total safe load, by American Railway Formula, for 
6-inch by 6-inch by 1-inch angle 10 feet long as a column. 

Ans. 96,350 pounds. 

2. Find the total safe load on a plate and channel column 20 feet long, 

made of two 10-inch 15-pound channels, placed 6 inches back to back, and 
two 12-inch by J 4 “inch plates. Ans. 169,500 pounds. 

3. Find the diameter of a solid circular steel column 5 feet long to carry 

a load of 60,000 pounds. Ans. 2.77 inches. 

148. Straight-line Formulas for Square or Fixed Ends. — 
In applying straight-line formulas to columns with square or 
fixed ends, it is customary to modify the constant k and use the 
entire length of the column as I in the formula. The American 
Railway Engineering and Maintenance of Way Association 
uses the one constant (70) for all cases, treating the so-called 
fixed and square ends no better than hinged ends. This is 
good practice for bridges and similar structures. When a 
bridge post is riveted to the floor beam, experiments show that 
the deflection of the beam often produces a bending stress in 
the post which is equivalent to a large eccentricity. In pin- 
connected bridges, a slight difference in the length of the eye- 
bars which form the diagonals of the truss sometimes causes 
such concentration of stress in one side of the post that it is 
weaker in the plane of the pins than perpendicular to that plane. 
In buildings, where the floor beams are riveted to the posts, 
there is likely to be considerable eccentricity in the end posts. 
At intermediate posts with beams on both sides the eccentricity 
is less.* 

The American railway formula may well be used for all struc- 
tures built of structural steel, provided, of course, due allowance 
i is made for live loads and impact in computing the total load. 

* See paper by C. T. MonmB,. Engineering News, Nov. 2, 1911, page 530. 
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The building laws of New York City require for structural- 
steel columns with square or fixed ends: 

1 = 15,200 - 58^. (1) 


If we regard the length of the sine curve as 0.8 of the total 
length of the column, we get from the American railway formula 
0.8 X 70 = 56. If k is 70 for round ends, and the effect of square 
or fixed ends is sufficient to make a 10-foot column equal in 
strength to an 8-foot round-end column, the constant 58 may 
be taken as practically correct for the square and fixed ends, 
if the total length of the column is taken as L (see experiments, 
Table XIII). 

For square-end timber columns of long-leaf yellow pine the 
New York Building Laws specify ' 


I - 


( 2 ) 


where D is the least transverse dimension. In a solid circular 

section the radius of gyration is one-fourth of the diameter, 

L L 

so that 18 ^is equivalent to 4.5-. 


In Problem 4 of Article 145 


the second term of the straight-line formula for yellow pine was 

found to be 6 - for a column with round ends. If the ends are 
r 

ZL 

so fixed that I is a little less than , where L is the entire length 
of the square-end or fixed-end column and I is the length of the 
round-end column which will carry the same load, then 6 - is 


practically equivalent to 18 

For a column of rectangular section r = 


D 

VT2 


so that equation 


(2) is safer for a rectangular column than for a solid circular one. 
For cast-iron columns the Syracuse Building Laws specify 


^ = 9,000 - 40 -• 
A r 


( 3 ) 


This is a conservative formula and is recommended where it is 
necessary to use cast-iron columns. 

Some writers regard square-end and fixed-end” columns as 
being really fixed at the ends, and consider pin-end columns as 


260 


STRENGTH OF MATERIALS 


IArt. 149 


equivalent to round ends. They give k for the square-end and 
•^fixed-end’^ columns as one-half as great as for pin ends, and 
for pin-and-square columns they use for k a value seven-tenths 
or two-thirds that for round ends. As no columns are perfectly 
fixed and as pin-end columns are partly fixed by the friction, 
this difference is entirely too great, and such constants are 
dangerous. 

When it is necessary to design a column to carry a given 
load, if the section is circular or rectangular, the diameter or 
breadth may be calculated directly from the formula. Where 
rolled shapes are used as columns and where the columns are 
built up of shapes and plates the desired section must be found 
by the method of trial and error. Where the handbooks give 
tables of the safe loads on columns calculated by other formulas, 
these may be used to find the approximate section. 

Example 

Find the I-beam as a column 10 feet long to carry a load of 40,000 pounds 
in accordance with the formula of the New York Building Laws. 

Using the table in Cambria it is found that an 8-inch 18-pound I-beam 
is calculated to carry a load of 43,000 pounds by the formula there used. 
Applying the New York formula: 

P KQ V ion 

= 15,200 - — = 6,914 pounds, 

P — 36,850 pounds. 

Trying the 9-inch 21-pound I-beam, it is found to be able to carry safely 
over 47,000 pounds. 


Problems 

1. Find the total safe load by New York Building Laws on a 6-inch by 

8-inch yellow-pine post 12 feet long. Ans. 27,264 pounds. 

2 . A yellow-pine post 15 feet long to carry 60,000 pounds is of rectangular 

section and is 10 inches one way. Find the other dimension by New York 
formula. Ans. 9.24 inches. 

3 . Solve Problem 2 for a load of 90,000 pounds. Ans. 13.31 inches. 

4. Select an I-beam to be used as a column 15 feet long to carry a load of 

70.000 pounds in accordance with the New York formula. 

Ans. 12-inch 45-pound I-beam. 

5 . Select a plate and channel column 25 feet long to carry a load of 

120.000 pounds. 

149. Gordon’s or Rankine’s Formulas. — While the straight-' 
line formulas have recently come into general use among Ameri- 
can engineers, on account of the ease of application and the fact 
that they agree as well with the results of tests and with exact 
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theory as the more complicated expressions, another type of 
working formula had the preference until a few years ago, and 
is still the favorite with British engineers. This type is called 
Gordon’s or Rankine’s formula. It is an empirical formula 
which gives the unit load equal to the ultimate strength for a 
short block and which approaches Euler’s curve for a very long 
column. It is: 


P 

A 



Formula XXX. 


where s„ is the ultimate strength in compression in the case of a 
short block and g is a coefficient, the value of which may be 
determined experimentally. To use the formula with any given 
factor of safety, it is merely necessary to divide the numerator 
by the factor; that is, to use the allowable unit stress instead of 
the ultimate strength. 


Example 


The Philadelphia Building Laws specify for medium steel columns in 
buildings, 


P 

A 


1 + 


J 6,250 
jJ' 


11,000 


Find the total safe load on a 4-inch solid steel cylinder 10 fc^et in length as a 
column. 

The total length is 120 inches and the radius of gyration is 1 inch, 

?. 16^250 16,250 _ 

A 1 4,400 ■" 1 -+- 1,309 “ 

^ 11,000 

P = 7,038 X 12.566 = 88,400 pounds. 


Problems 

1. Find the total safe load by Philadelphia formula on a 6-inch by 6-inch 
by 1-inch angle of medium steel as a column 10 feet long. 

Ans. 90,600 pounds. 

2. Find the total safe load by Philadelphia formula on a 1 2-inch 40- 
pound I-beam as a column 15 feet long. 

p 

Ans. 2 = 3,870 pounds per square inch; P « 45,500 pounds. 

3. Find the total safe load by Philadelphia formula on a post made of 
two 10-inch 20-pound channels placed 6 inches back to back and latticed 
together, for lengths of 15 feet and 20 feet. 
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The values of the total safe load on columns given in Cambria 
Steel are calculated from the formula: 

l _ 12,500 

^ - 1 + '' - ' ' 

^ 36,000 

for square-end columns. For pin-end columns is taken 

as the value of g. These are Ranldne^s values and were based on 
a limited number of tests of relatively short columns. Both 
are too small and err on the side of danger. On the other hand, 
the allowable unit stress of 12,500 used as the numerator is more 
conservative than the figures generally used, so that the tables 
give good values for all columns except relatively long ones. 
The figures for the long columns are safe, but the factor of safety 
is less than for the shorter ones. 

Problems 

FiD/l the total safe load on the following columns by equation (2) and 
compare the results with the Cambria tables. 

4. A 10-inch 35-pound I-beam 12 feet long. 

6* A 15-inch 60-pound I-beam 15 feet long. 

6. A plate and angle column, 20 feet long, made of one 12-inch by J^-inch 
plate and four 4-inch by 3-inch by J^-inch angles. 

160. Ritter’s Rational Constant for Rankine’s Formula. — 

While the constant q was originally derived from a few tests of 
columns, it may be obtained from the constants of the materials. 
We know from experiments and theory that Euler’s formula 
gives the ultimate load when the load is exactly central, the ends 
either perfectly free to turn or absolutely fixed, and the value of 
I P 

- so great that the computed ^ is below the true elastic limit of 
the material. Any curve which is to be used with all lengths 
must coincide with Euler’s curve when - becomes indefinitely 

large, and must also pass through the point Su when - = 0, 

I p 

We see that when ~ equals zero, ^ equals Rankine’s for- 
mula satisfies the second of the above-mentioned conditions. To 
make it satisfy the first condition, we must find some value of 
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q which will make ^ tho aarno in Kankino’a and Eulor’a formnlaa 
for largo valu< 5 H of 

F v'Ui «„ . 

• sa 3 ?; « ( I I 

A /f\» . , ^ 


0 '^" 0 ' 


For largo valuoa of ^ thcswicoiul term in tho donominator of Han- 

kine’a formula ia ho large relatively tliat tho firnt term (unity) 
may bo dropped. Them 

/ix ■ " - fy 

U " (r) 


Thin value of q in liiUefii mtlonal mmtanL 


Problems 

1* Fiml tho vdu(j of q for for which the mocluhtH of elasticity is 
29, 000, ()()() pounds per stpinre inch, and tho ultiiiiato otnriprossivo stn*nKth 

is BO, 000 poimds per squaro inch. Am. q ^ J*,, 

7,9o0 

2. 1’aking q as *uid tho ultinmto Htronp;th m 00, (KK) pountls per 

square inch, find tho ultinnito unit load, in pounds pf^rscjuarc inch, for values 
of th© ilcndcrnoMi ratio at intervals of 40 frotn 40 to *i(K). 

^ 40 HO jao KH) 2tK) 

r 

P 

^ 30, (KK) a0,(KK» 1 3,807 H,f.7l U,(KKI 

S. Bolvc Preddein 2 by Kulcr’'i forituila taking ^ 2HHdKHh(KM), which 

corresponds with q ^ whc'n Hu 00,000 per wpiare inedu 

4. tfsing tln^ constants of Problem 2 Oiitl the ttdal safe load tm a wdi<l 
circular ceduinn 4 iuclies in diameter ami 00 inchea I(»ng with a faetor of 
safety of 2.25. 



(lurve I of Fig. 177 ih drawn from ItankinePH formula fcjr «iecd 
for which the working unit Htrena i» KhOOU pounda per Hcpiare 
inch and tho working moduIuH of elasticity is a littks lew than 
13,000,000 pounds per square inch, making ltittf*r*s constant 

practically thc^ sarrie as Problem 4 with a factor 
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of safety of 2.25. Curve II is from th(^ fcu'mulii wit It 

0.1. For the slcmleriiesH ratios whi(*h arc* (4ii(^fly um^d iu 


ec 

;,2 


structural columns the results of llankinc^’H formula with Kiittu* h 
constants arc on the safe side, l)ut are not as cdosc^ to llu^ true* 
values as those given by the straight-Iiiu^ foimuiIaH. 

Curve III is calculated frorti q — whicdi is liattkine'H 

constant for roundKuul steel e.olumns. h\tr rcdafivt'ly nliort 
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columns the results are approximately eorrei^t, hut for loriK 
columns there is a largo error on the side of danger, 
f Since the only advantage posHossed by Uankims’s formula 
over a straight-line formula is tlie fact that the foruK'r may Im> 
; used with columns of any slondermisH rat.io, it follows that'if it 
I is used at all it should bo taken with Hitter’s (tonstant so that 
I the errors would always lie on the safe sidi!, exeept with very 
I short columns with considerable cccisntrituty. 

161. Rankine’s Formula for Square-end and Fixed-end 
Columns.— In adapting Hankine’s forimda to squure-tuul anil 
fixed-end columns the entire length L is employed in the formula 
and 5 is modified. If the column wore ahsolutely fixed at the 
ends, the q of Hitter’s formula would be divided by 4, so that a q 

8^000 round ends would he 32 0(K) **'b***re ends. In 

actual columns, since the ends are not pe^Hctly fixed, some ratio 


(inAi', 
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than 4 must be used to multiply the denominator of the 
fracticni. (Ilankine used 2 as the ratio.) Suppose that I be 

tak(ai UR 0.8 L, then F = 0.641/^, and from Problem 1 of 

Article', 150 beeomes Philadelphia formula for 

nuxiiiun steel uses q = for medium steel, which agrees 

i airly well with the above figure and is on the safe side. 

For mild steel the Philadelphia Building Laws specify 
P _ 14,500 

7 > ' 


1 + 


13,500 r2 


Problems 

1. Find the total safe load by New York and by Philadelphia formula 
for a 15-inch 42-pound I-beam of medium steel as a column 12 feet long. 

2. Holvo Problem 1 for a length of 20 feet by Philadelphia formula and by 
Nuler*f« formula taking Ev, = 13,000,000 pounds per square inch, and I 
m O.H of tho total length. 

In concrete columns it is customary to specify an allowable unit 
load in pounds per square inch and a maximum ratio of length 
to diameter or minimum breadth. Most cities specify a unit 
oomprcBBive stress of 500 pounds per square inch and the maxi- 

Ij 

mum jy as 15. The report of the Joint Committee on Concrete 

and Ileinforced Concrete gives 450 pounds per square inch for 
1 : 2 : 4 concrete having an ultimate strength of 2,000 pounds per 
square inch. 

Problems 


3. ( k)ncroto columns 15 feet long are designed to carry a floor load of 400 
ptnuulH per square foot. If the columns are circular and are spaced 12 feet 
apart l)c>th ways what should be their diameter? 

4. Holvo Problem 3 if the columns arc spaced 10 feet apart both ways. 

162. General Conclusions. — The calculation of columns is not 
as satisfactory as that of beams. This is due to two reasons: 
tho location of the load, and the relative freedom of the ends. 
In a beam, the location of the load is known with a large relative 
accuracy. A 1-inch displacement of the load in a horizontal 
l)oani 10 feet long produces a very small effect upon the unit 
stress; an equal displacement of the load at the end of a block 6 
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inches square will double the maximum stress on one face. Again, 
we generally deal with beams entirely free to turn at the supports 
or with cantilevers which are entirely free to move and turn at one 
end and which are perfectly fixed at the other, so far as concerns 
the moment arms. The results which we get in calculating beams 
are correct inside the true elastic limit and approximately true 
beyond that limit. If we take a column perfectly free to turn 
at both ends and know the position of the load with the same 
relative certainty as in the case of the beam supported at the ends, 
we may calculate the unit stress with the aid of Formula XXV as 
accurately as we can compute it in the beam by the use of For- 
mula XV. There is this apparent difference: in the beam the 
unit stress varies as the load; in the column it increases more 
rapidly. Again, a column fixed at one end and free at the other 
(case II, Fig. 168) can be calculated with the same accuracy as 
a cantilever with one end free, provided the load is located with 
the same relative accuracy and the end is so well fixed that the 
relative change in moment due to change in tangent at the ^'fiLxed 
end^’ is the same in both cases. The change in moment due to 
change in the tangent at the ends is proportional to the rate of 
change in the cosine of a small angle in the case of a beam and to 
the rate of change of the sine of a small angle in the column. 
The loads being much greater in a column than in a beam of the 
same section, the effect of friction in partially fixing the ends is 
greater in the column. 

Beams fixed at both ends or fixed at one end and supported 
at the other are indefinite, because it is not possible to fix the 
beam perfectly so that it will not turn, or support it so that it 
will not move. For these reasons the calculation of the unit 
stresses in relatively stiff beams of these kinds is always open to 
question. The same is true of columns fixed at both ends, or 
fixed at one end with a hinge connection at the other. 

The error in the case of the fixed column is relatively greater 
than in a fixed beam, for a change in the slope of the tangent at 
the ends of the column makes a relatively larger change in the 
bending moment. 

Euler's formula gives the ultimate load which will cause a 
column with practically no eccentricity to deflect without limit. 
Unless the slenderness ratio is large the column will fail by crush- 

P 

ing before this load is reached. If the value of calculated by 

Jx 


OriAr. XI VI 


COIA'MN FORM X A, AS 


2117 


KuUx'h formula, t « grvalcr than the (inutir. limit of the material, 
they must l>ii dimirded and the e.aleulati(»i repealed with a formula 
which fits shorter columns. It is best to limit the use. of Outer's 

formula to slenderness ratios where, it yires values of j which, after 

division by the factor of safely, are less than one.~ihird of the allowable 
unit compressive stress of the material. 

For Hliortor coluinim draw a Hiraight liiio Ihrotigh Hus propor- 
tional olaatic limit of tlus material and tangent to FtiUir’a <mrv(» 
and divide by tlus factor of Hafef.y, or eoiiHtniet an Fuler'H eiirvis 
by meatiH of a working moduluH of (sliwticity obtaiiusd by dividing 
E by the factor of aabsty and draw a line tangent thereto through 
an intercept on tlus i' axiu of which the ordinate iu the allowabhs 
unit comproHHivo strcHH. 

With hinged-end coluimiH the I of these formulas is I hes (sntire 
length between hinges. With cases II, I is twicss the Ustsgth of tlu* 
column. With fixed ends or with pin-atul-s<iuare (snsls, it is also 
safest to take I as the entire length of the (S(»lumn. If any allow- 
ance is made, it should not be as great as that of the id<sal 
cases, whi(sh arts never niet in practice. 'I’he amount of allow- 
ance depends upon the relative dimensions tsf the (solutms 
and the beams to which it is attached and the inethoil of 
attaclumsnt. 

The (sfTtse.t of eccentricity is tak<m into account by using a 
limiting stress for short columns, as in tint case of the American 
railway formula, and by the use of a larger factor of safety (wtdl 
callotl a factor of ignorance) t.o taktt care of any tnuusrtaintitis 
in this respect. (The real factor of sahsty in many columns 
whitjh are standing is probably much less than figured by the 
designer.) 

Ibinkitjo’s formula is us<»d Ity some engineers. With Hitter's 
constants it is always safe— unnecessarily safe for columns of 
moderato length. With Hankino’s constan<4« it should not Iwt 
used for long columns. 

If the e(!contricity of tho load were sufliciontly well known, 
tlie secant formulas of Article 1116 are stric.tly correct for round- 
end columns, provided tho stress is below tho elastic limit. A 
set of curves like those of Fig. 174 may bo drawn and employed 
in tho calculations to save labor. 

163. Failure of Beams Due to Flexure of the Compression 
Flange.-— The Compression Flange of a Ijoam acts as a colutnn 
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iind niuy fail by lateral dellection. 'I'lii! uiiil. h( ress in ( lie ex( reiiio 
outer compresHioti libera is tlie unil. load ^ of tlie eoltinm llu'ory. 


The American Railway Engineering and Maiidenance of Way 
Association spocilications give the formula, 


F 

A 


](),()()() - 200 


I 

1/ 


( 1 ) 


as the maximum value of the compresaivo unit aireas in any beam 
or girder when the comproHaion flange is made of angles oidy or 
of angles and flat plates. In this formula h ia the breadth of the 
flange and I is the distance between lateral aupporfa. If the 
flange be regarded as rectangular fi'-* - 12 r'-*, h -■=’« fl.dO r and (Kpia- 
tion (1) is equivalent to: 

10,000 ~ riH ^ (2) 

A r 


This coefficient of 58 in the Htnu{ii;ht-linc formula m pormisHihla 
since only the extreme outer ftlxu’s at iho dangerouH Hcciion rcuic^h 
the maximum unit stress. In ilio one case of a Imam muler (con- 
stant moment the maximum unit stimsH cxanirs in the outer lUmm 
of the entire length, and a larger cocfficuent should he employed.* 
The formula recommended by the Ameri(^au Bridge is 

j ^ 10,000 - :ioo ( 3 ) 


with a maximum of 16, GOO pounds per sejuare imdu 


Problems 

1 . Oalcuhitc by equation (1) tho niaxhmun dintiince lietwwm lateral 

Hupports for a 12-in<5h 3L5-pound l-bcmni if tliiO inaxiniuni utni bending 
HtrciHs is 14,000 pounds per sciuare inch. Am. 50 ineduw. 

2 . What is the maximum allowable bending stress in an IB^ineh 55-pound 

I-beam 12 feet long with no lateral suppt>rts for th(^ ecnnprt^asion flange. 
Solve by equation (1). Am, 11,200 pounds per squarci Ineh. 

3. Solve Problem 2 by the American Bridge C^o. formula. 

Am, 11,800 i>ound« per squiire inch, 

* A full diseuBsion of this subject is to be found in Hidhlin No. OH of 
The Illinois University Knginocring Kxperiimmt Htation, by Pnor. IfEitnKiiT 
F. Mooek. 

See also paper by E. Fleming in Engineering Neu% April 6, lOlCI, and 
paper by Hkney Kekcher in Enginmring NewB^ May 4 , 1916 . 
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"Hio tal)Io in Clanil)ria in the articles cnil itlcul ^^Laioral Strangtli 
(jf IkianiB without Lateral Hupporf wan derived from the Han- 
kino formula for foccd-end eoluinrm. 

P IH,0()() I H, ()()() . 

A n n 

' 11’ ^ 1 I 

^ ;i(),000r« ^ IF 

by Hulml.ittiting IF for 12;*'*, d1ie numerator m taken at lH,iKK) 
poumlH per Hcpiare iucth itmtead of tlu^ UHual UhddO ponndH pt»r 
HCfuare ineli on a,(*eount of tlu^ faet that only a j)art of the flangt^ 
m Hubjected to the maximum unit ntre-sH. 

I^roblems 

4 - Find the total haul uniforndy dlHtril>uf<‘d <»ri a 2 t 4 nrh HtFjHnmd 
I-h(aun 20 fcad. lonii; HUpport(*d at tint immIh with no lateral HupportH. line 
(upiation ( 4 ), 

Ann. Maximum unit bending Htrenn 12,900 ptninda per atiuarn tmdi: 
total load » 74 ,th'"d lamndH. 

6 . Holv(‘ Probhan 4 by tujuntion ( 1 ). 



Fm, 17 H, t>f I-lamm im a column. 


164. Failure Due to Buckling of the Web.- It wan ?^hown in 
Articde 31 that verticad Hhoar produeen eomprenHive Htrenn whitdi 
is a maximum at 45 degrcHW witli the vertical, wheu'e its inleoHity 
is eciual to the unit vertical or horis'.ontal shearing sf ress. Tlie 
wel> of an I-beam subjected to vertical shear may be regarded 
as made up of a seriis of paralhd columns with fixed ends, tn 
Fig. 178 F(t representH one sucdi (»olumn. 'riie tliicknesH of tIuH 
column is t tlie tlucdcnesH of tlie web; and its length k’\/2r, where 
c is the distance I)etwee.n flanges (n^pn^semted bylin theCknnbria 
diagrams). It is customary to find the mean vertical sluatr in 
the wel) of an 1-lHuim by dividing the total vertieal shear Iry the 
area Id, where / is ilio thiiskncss of the wel> and d is ilu» mitire 
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depth of the beam. Since unit 
the unit shearing stress, 

P ^ 
A 


compressive stress is equal to 


V 

id’ 


( 1 ) 


where t is the unit load in the column formula and V is the total 
A 

vertical shear. To find the safe value for V, it is necessary only 
P 

to solve ^ by any column formula, remembering that ~ 


for a rectangular section of thickness t. Using first Rankine^s 
formula with 12,000 as the numerator and q equal to ^ in 


oraer to compare 


P 

A 

P 

A 


12,000 


1 + 


36,000 

12,000 


" 1,500 U 


( 2 ) 

(3) 


Problems 

1 . Find the maximum value of the unit shear, the total vertical shear, 
and the total load uniformly distributed, on a 12-inch 31.5-pound I-beam, by 
means of the above formula. 

Ans. 7,488 pounds per square inch, 31,450 pounds, and 62,900 pounds. 

2. Solve Problem 1 for a 15-inch 42-pound I-beam. Compare results 
with Cambria under “Maximum Loads of I-beams and Channels Due to 
Crippling the Web.^* 

3. If the allowable unit stress due to bending is 16,000 pounds per square 
inch, what is the minimum length for which the full bending stress may be 
developed by a uniformly distributed load without producing excessive buck- 
ling stresses in a 12-inch 31.5-pound I-beam? 

4 . Solve Problem 3 for a 20-inch 65-pound I-beam for the maximum load 
and minimum span without crippling the web if the load is concentrated at 
the middle. 

5 . Solve Problem 1 by the American railway formula. 

Ans. Total load, 47,780 pounds. 

6. Solve Problem 1 by the New York Building Laws. 
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RESILIENCE IN BENDING AND SHEAR 

166. Resilience in Beams.- -In Article 12 it was shown that 

eliistic rtsHilicnco per cuhic inch is p,> an<i that the tot al onerKy 

is that quantity inultipliod by the volunxi. In l>oainH the unit 
atrosH varioaaatho distance from the neutral surface and also varies 
with the moment at the section, 'I'he total elastic cmergy may 
bo detorminod in one of two ways: tlu* total work done by the 
external forces may bo calculat.(Ml, or an (sxprossion for the inlirnaL 
stress s may bo derived and this expression integratod over the 
entire volume. 





r k 



- 1 


p 

1 


k 

'k: 

1 




I 




Fic}. 171 ). -“’Work of diiflodtlotu 


By axtornal work, if a load P oauHon a dofloc*tiori at it« 
point of application, the work in ^ In a cantilever with a 

iingla concentrated load, Fig. 179, 


J/iim* 

External work 


ri* 

■A Ml' 
PH» 
“ AMI' 


( 1 ) 


In a beam supported at tho oiuls with a load at the middle, 

P PP PH^ 

External work = ^ X (2) 
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Where the load is uniformly distributed, w pounds per unit 
length, each increment of load wdx on a length dx does work 

amounting to — ^ — 5 where y is the deflection of the particular 

part of the beam on which the increment rests. In Fig. 180, II 
one increment wdx is deflected a distance 2 / 1 ? another, 2 / 2 , etc. 
The different values of y are determined from the equation of the 

10 Pounds Per Unit Lengih 






wOx 11 
Fig. 180. — External work. 




elastic line, 
work. 


The total work is the sum of these increments of 


Total work 


=1/ 


ydx 


(3) 


with the ends of the beam as the limits. 

166. Expression for Internal Work. — In a beam the unit 

Mv 


stress at a distance v from the neutral axis is ■ 


In Fig. 179, 1, 


there is an element of volume of cross-section dA and length dx 
at a distance v from the neutral axis. The energy dU in this 
element of volume dAdx is 


dU =~ dAdx = dAdx. 


Total work in beam 






v^dAdx. 


( 1 ) 

( 2 ) 


2 ED 

Integrating first with respect to v gives the work done upon the 
volume of length dx between two vertical planes. Throughout 
this volume x, M, and 1 are constant. The integral of vHA 
across the beam from the bottom to the top is I. 

YWl 

Equation (3) may be used to calculate the internal work in any 
beam. Before integrating M and I must be expressed as func- 
tions of X unless they are constant. 
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167. Beam with Constant Moment. — I^’or the case of a beam 
with coiiMtant moment luitl couHtnnt moment of inertia, 

A/“ r . hD . MH 


A/“ r , M* r _ MH 

El J ' 2 El *■ '“ 2 El 


To find tho work in iormn of the inuxiimirn fiber stims, if tlie 
neuirfd axii piwHOH through the (tenter of the Hcction ho tliat the 

(I 2 SY 

(Untiumfi to tho onbtr fUKsfK in M -= ' which Huhstituted in 

(1) givcM 


, , 4 ENH 

" 2 Eld" 

h'or a nicf aiiKular Hoction 

'lEHulH HH)dl 
' ' 12 /W* i\E 


2 E'Nl 
EaD ■ 


‘ ,, X volume. 

0 /v 


I'lie average inim^y per unil of volume is jy which is one-third 

/y 

a« great m that in a hlottk Hubjended to a uniform BtrewB /S'. 

Froblemti 

L Fiiul the average enta’gy per utiit volunu^ in a Holid cireiilar Hcuition 
KubjeeitHl to a uniform heutling moment. Am, g 

2. A ateel bar 2 inehea wide and t<J inch thick ihH feet long and resta on 
two aupportH II feet apart and carrh^n two etpial loadn on the endfl. If M 
m iKMHKtCMH) pounda per wquare iiuih, wliat in the total (dantio energy in the 
part hetwecin the aupporta when each haul on the endn k 100 poimdi? 

Am. 82.9 inch-pounda. 

188. Beam with Uniformly Distributed Load.— ?’or a canti- 
Imar with ufuformly diHlrihulod load witli the origin at tho free 


oncl, tho moment is 


r'x* 


Wiien / is cojwtant 

“ 40 El “ 40 El' 

For a seation which is symmetrical with respect to tho neutral 

ajcis 

Wl 2 El 

& , j 

2 d 

rt 4 E^Il 

V » 10 A'd*- 


/ f C J> J /\ 



j- ■ fTu.. M , li\ , 
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For a rectangular section wliere I = 

12 


'’J''otal work = ^ , 

30/4- ~ iF/i^ X (4) 

block iri'“ sftr, 

throughout. ^ nfonu (‘orripreasive atre^n 

work, the eqmUm oMh'o "' 0 ‘ 1'»<1 of oiitormil 

Article 77 i" ° (()) „f 

downward ° H'o ''»‘d » » poeiLo 


Total work = _ w>* r, . 

4H AJiJ 

Total work = (^^ ~ <> n a •> n\ ?<’V® 

48 w(r. - -If + .!;•) . ‘ 


- ^l^T. A ’M*),h (n) 


• -•/ 40 /t'/ W 

loaM 

2 2 ■ 

“ H A'//' “■ 2 dx, ( 7 . 

T> r ^ •> '0 210 A7' (8) 

By orternal ^ 

r/a: » f/ 4. , Fa: \ 

^ J \ 12 + 24 24 (») 

Work = 4 . j. Fa:^ -i' 

**« 120 48 )o 240 A7 

^ Problem 

a4 «J» ^ 

461 ' 
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169. Beam with Single Concentrated Load. — For a cantilever 
with a load on the free end, M = —Px. When the section is 
constant 


U = 


p2 

2 El 


r r 

J - 6iirJ.‘ 


6 El 


( 1 ) 


For a beam supported at the ends with a load P at a distance a 
from one end and at a distance b from the other, the reaction at 

Ph 

-j- and the moment in this length is 


the end of the length a is 
Pbx 

The work in this part of the beam is, 


U = 


p2b2 

2 EIl\ 


i: 


xHx = 


6 EIV^' 


( 2 ) 


Similarly in the length b, 

Work = 


P^a^b^ 
6 Em 


For the entire length. 

Total work = 


PH^b^ (a + b) 

6 Em 


P^a^b^ 
6 Ell' 


(3) 

(4) 


Problems 

y 1. Find the elastic energy per unit volume in a cantilever of rectangular 
section in terms of the maximum unit stress.; / j',., f ,,,i , S^ 


2. Find the elastic energy per unit volume in a hollow cylindrical canti- 
lever in terms of the maximum unit stress. 


Ans. U = 
inside radius. 


+ Ri)' 
24 Rm ' 


where is the outside radius and Ri is the 


160. Beam of Variable Section. — In a beam of variable section 
the moment of inertia is a variable. In any beam at a distance 
V from the neutral axis s = kv where fc is a constant for that 
section. 

Work per unit volume = (1) 

Z JtL 


For a rectangular section of breadth h the element of volume 
is hdvdx. For the integration with respect to v the terms k and 
6 are constant. 




u 




« = 


f-r, 


bJcMHx 


A<j 'i 


dV- 


3 eir ‘ 




( 2 ) 

i 




) frfr/ ; 


/ny.icd'- 

' ^ 1 

^ V l/fy'if- C4-IAC.,.. 

, 
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kd 

The maximuin fiber stress S = substituting which, 


U 




S^bd dx. 


(3) 


If the beam be so designed that S is constant for all sections 


U 


C 

6^' 


hddx = 


6E 


X volume. 


(4) 


The elastic energy per unit volume in a beam of constant strength 

and rectangular section is — ’ which is one-third as great as that 

in a block subjected to uniform compressive stress equal to S. 

161. Deflection Calculation by Internal Work. — The work done 
in a beam affords a method of finding the deflection under a con- 
centrated load. In the case of a cantilever with a load on the 

end, the average force is ~ and the work of deflection is — 

This is equal to the internal work (equation (1) of the preced- 
ing article). 

P?/max „ PH^ 

QEP 


2 

2/max; “ 


(1) 


ZEI 


(3) 


For a beam supported at the ends with a concentrated load at 
a distance a from one end, the deflection under the load is given 

by 

Py _ P^a^b^ Pa^b^ 

T ~ 'Wm’ y ¥M' 

Problems 

1. A 4-inch by 6-inch wooden beam 20 feet long is supported 5 feet from 
each end and carries a load of 200 pounds on each end. Find the deflection 
at the ends, if E is 1,000,000 pounds per square inch. Aws. 0.8 inch. 

2. A 6-inch by 2-inch beam 20 feet long is supported 5 feet from the 
left end and held down at the left end. A load of 20 pounds is placed on 
the right end. Find the deflection if = 1,200,000. Ans. 10.8 inches. 

For a cantilever beam of constant strength and rectangular section 
when the depth is constant the breadth varies as the distance 

BDl 

from the free end so that the plan is triangular. Volume = 


where B and D are the maximum breadth and depth. 

'■Pr.fol V = -^2/max 


fA\ 
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Substituting 


S = 


PIP 

2 /max 


Since 


rp X 1 1 P^BDH^ Pym&x 

Total work - • 


I max — 


BD^ 


12 

PH^ __ Pyrn 


4 EIrti&x 

^max ^ 


(5) 


( 6 ) 


2 
PP 

2 ElxntiX 

(Compare with Article 121.) 

In a rectangular cantilever beam of constant strength and 
constant breadth with a load on the end, the depth is given by 
the equation of the parabola 

QPx 

SB^ 


= 


2Dl 2BDI 

The area is and the volume is — ~ — * 

stitutions as in the preceding case, 

2PP 


ymax — c 


3 Eh 


Making the same sub- 


(7) 


Problem 

3. Find the deflection at the end of a cantilever of constant strength and 

ZFP 

square section due to a load on the end. Am. 2/max = e wr • 

n £ j 1 max 

162. Internal Work of Shear in a Shaft. — The unit shearing 

stress produces a deformation of in planes at unit distance 

apart. The work of shear is the product of half the unit stress 
by the total deformation. 

Work per unit volume = ^ X ^ = 2 ^' 

In a solid circular shaft at a distance r from the axis, the unit 
shearing stress is kr and 

Energy per unit volume == 


( 2 ) 


I \i(T. KUt 
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The element of volume of length I'm 2 rrl dr inul 

lotal energy = avJo -i F. 


Cl) 


where a is the radius of the shaft. The maximum unit Hhearing 
stress in the outer surface is S, hi and 

Total energy of shear = ■--jjr xa*! X volume. (4) 


(Compare Article 45 where the energy c»f shear in a shaft is 
calculated by external work.) 

The modulus of elasticity in shecir is about two-fift hs us great 
as in tension and compression, so that for e<(ual values of 
the unit stress the total energy of a rod in torsion is one-fourth 
greater than that of the same rod in tension. Ilowevcu', since 
the clastic limit of steel and other similar mattu'ials in shear 
is less than in tension, the total emu-gy which tnay bti stored 
is about the same in both cases, 

163. Work of Shear in a Rectangular Beam. In a beam of 
rectangular section of breadth h and d(^pth d subjcctc<l to a vc<rti- 
cal shear V" 


Sj, •= 




HI 


(,/»„ ,. 9 J, 


Vi 


2E, V2HE.H 


id* - HdV I 


( 1 ) 

(2) 


Multiplying by the element of volunm bdiulx and inh'grating 

. , ..... d , d 

with respect to v with limits — and ,,, 

A Jj 


U =-- 


/ 


VH>d^ 

mE.P 



( 2 ) 


When I' is constant, the last term of (3) for a Issim of constant 
3 VH 

section becomes U ■= ^ p the (uise of a cantilever lH*am 


with a load on the free end, V 

U - 


-P and 


ZPH 
5 EM' 


(4) 
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To fund tho (UifUidtioo duo to shoar at tho ond of a rootangular 
(tantilovor with a load on th<f (uid, 

/*■// :i PH 
2 fi EM' 

{.2 PI 1.2 VI 1.2 «.7 . 

^ “ EM '' EM E, ’ ^ ^ 

whero bJ in tho av(^*ago unit nlu^aring ntn'HH. 

Tho Hanio n^latiou hohln for a Imam mipporU^d at tho oiuIh with 
a cone.ontrattul load at tlu^ middle. 

164. Sections of Maximum Resilience. —To obtain tiio maxi- 
imim nmiliimc’o |H*r unit volurm% 
tho Htn^HH in all portions of ih(‘ 
solid should In^ th(^ maximum 
allowables unit Htr<‘HH. 'Huh eon- 
dition of rnaximum (dlicitmoy 
can only bo soemnnl wlum tlu^ 
material is uw'd in dinmt hmsion 
or eompn'Hsion, whieh is md. 
praeticaldo in the eases of springs 
on ae(*-ount of tho small dm- 
plaeemont and tint largo foree^ 
roquirodi excuqjt in ilio eam^ td 
soft rubber. 

In Imnding ami torsiem, only the outtu’ fibers n‘aeh the maxi- 
mum unit stress so that tho ma^rgy pc?r unit volume is always less 

than rootangular beam of constant strength or in a 

A « 

roctangulur beam of unifomi Htwtion Hulijtwkul t<j a conutotifc 

*S'* 

tnotnont, the energy per unit volume !« and the energy in 

Biudi a boatn used an a Hpring is one-third as groat jw would be 
poHHible if it W(*ro Hubjeeted to the maximum HtreHH throughout, 
hut it iH three tiuum an grtuit as that of a beam of uniform section 
supporte<l at tho <mds and loaded at tho middle or used as a 
cantilever with a load on tho eml. 

The common leaf springs (Fig. 181, 11) are Imms of constant 
strength made up of H(^p!irate parts or h'aves, each of which is 
8 ubj(sct 0 d to constant Ixsnding moment throughout most of its 
length. In Fig. 181, I, tho ksaviss are shown straight with each 
leaf resting on a pair of supports on the ends of the leaf below. 
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In the upper leaf the moment is constant from A to B, and the 

>S2 

energy per unit volume in that portion is The overhanging 

parts act as cantilevers loaded at the ends and the energy per 
unit volume is only one-third as great. In the actual leaf 
spring as shown in Fig. 181, II, the contact takes place over a 
considerable area and the stresses are modified by friction. 

In an I-beam section a relatively large portion is in the flange, 
where the unit stress approximates the maximum, so that the 
energy per unit volume is greater than in a rectangular section. 
In a solid circular section in torsion, the energy per unit 

S? 

volume was shown in Article 47 to be 7^* In a hollow shaft 
of inside radius h and outside radius a, 

1 otal energy = I ; 


r 3 ^ 

1 rMr — TT=r 

^4 

1 4E, 



Total energy = 


ttM (a^ - V) 

4F« 


Dividing by tt (a^ — the energy per unit volume is, 

-h 62) (a2 + h^)S\ 


U = 


4F. 


4a^E, 


( 1 ) 

( 2 ) 

(3) 


since ka = S.. 


Problems 


1. What is the energy per unit volume of a hollow cylinder in torsion if 

25 

the inside diameter is three-fourths of the outside diameter? A ns. r: — 

64 E> 

2. What is the total elastic energy of torsion in a hollow steel rod 5 feet 

long, 1 inch outside diameter and 3^ inch inside diameter, when the unit 
shearing stress is 80,000 pounds per square inch and E, is 12,000,000 pounds 
per square inch. Ans. 5,890.5 inch-pounds. 

3. A hollow rectangular beam is 6 inches by 8 inches outside and 4 inches 
by 4 inches inside. Find the energy per unit volume if the external moment 

11 S^ 

is constant throughout the length. Ans. 7^^ * 

48 E 

165. Impact Stresses. — ^In the discussion of resilience it has 
been assumed that the load is applied gradually so that the 
average force is one-half the sum of the initial and final loads. 
If the initial load is zero and the final load P, the average load is 
P Py 

” and if the displacement under the load is y, the work is — • 
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Thoro are Hovoral ways of applying a load to moot thoHO condi- 
tioMH. A load may be mad(^ up of a rmmlx^r of Hinall parts and 
applicxi little at a time. For instauee, a vciHsel may be Imng 
from a Ix^am or spring and gradually filhxl with wabw or Hantl. 
In testing large Ihtors, bags of sand ani a<l(l<(d one at a tinui. In 
testing machituis tlu; loads are applaal gra<lually Ity means of 
slowly moving seniws. 

Fig. 182 r('pr(ts(mts difTenait ways of applying a singl<» load. 
Fig. 182, I, shows a single H|iririg. In I'ig. 1H2, II, th(! same 
spring is shown with a mass W attached Init with tho entire 



vn 

Kni. (if Muddca ImutH nmi iinpiirl.. 


weight of W carried by a supjKwt It. In III the siiprsn-t has iKien 
lowered so that th(s tension in the spring carries part of the load. 
In IV the HUfiport luw laicn tsntirely r«jmov(*d and tho tniiss W is 
at rcist witli tho spring stretched a distance y\. When the elonga- 
tion of tho spring was one-half of yi tho spring carried ono-half 
th(» weight and tho support the other half. As the elongation 
in(w<ias<Hl tho load carried Ity tho spring gradually increased and 
that on tho support gradually docroased. The average load on 


tho sitrlng was „ and tho average load on the Hupimrt was tho 


same. In moving tho weight IF tho distance j/i tho total work 
done was Wyi, half of this work was ox{Htndod in stretching tho 
spring and the remainder in assisting tho motion of tho support B. 

If K is tho force required to stretch tho spring unit distance, 
the force required to strotch it the distanoe yi is Kyi “ W, and 


tho energy stored in the spring is 



0 ^ , , ( I t 
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If the support B is suddenly removed from W in the position 
II, the entire force of gravity is effective throughout the whole 
distance. At first the spring offers no resistance and the entire 
load goes to accelerate the mass (provided the mass of the spring 
is negligible). As it is stretched, the resistance of the spring 
increases. At the position IV the pull of the spring is equal to 
the weight and the acceleration is zero. The mass has its highest 
velocity at the point where it would come to rest under a gradu- 
ally applied load. Beyond this point, represented by IV, the 
upward pull of the spring is greater than the weight and the body 
is negatively accelerated. It finally stops at the position of 
Fig. 182, V, with an elongation of the spring ^ 2 . To calculate 
this elongation, we have: 


- ’f. 

(1) 

K ^ 2t/, 

(2) 

Ky, = 2 W. 

(3) 


The deflection due to a suddenly applied load is twice as great 
as when the load is gradually applied, and the maximum force 
is twice the load. After reaching the maximum elongation the 
body vibrates back to its original starting point (provided the 
spring is perfectly elastic). 

Fig. 182, VI, shows the mass W lifted a distance h above the 
position of II, in which it exerts no pull on the spring. If released 
suddenly, it falls this distance before it begins to stretch the 
spring. The total work done by gravity is the weight multiplied 
by the total distance h + y- At the lowest position VII this 
work has- been transformed to energy of the spring. 



+ y) = 

' 

^ " Prolans 



(4) 


1. A force of 8 pounds stretches a given spring 1 foot. A 6-pound mass 

is placed on the spring and gradually lowered. How much will the spring 
be stretched? An$, 9 inches. 

2. In Problem 1 the load is applied suddenly. What is the elongation 

of the spring and the maximum pull. Am. 18 inches; 12 pounds. 

3. In Problem 1 the load is lifted 1.44 feet and suddenly released. Find 
the maximum elongation and the maximum pull. 

Am. 2.4 feet; 19.2 pounds. 
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4 . A spring board is made of plank 12 inches wide and 2 inches thick, 
and acts as a cantilever 10 feet long. Pind the maximum unit stress when 
a boy weighing 60 pounds moves very slowly from the support to the free end. 

Am, 900 pounds per square inch. 

6. Solve Problem 4 if the boy steps suddenly on the free end, neglecting 
the effect of the mass of the springboard upon its vibration. 

Am. 1,800 pounds. 

6. Solve problem 5 if the boy jumps down on the end of the spring board 
from a height of 6 inches if the modulus of elasticity is 1,200,000 pounds 
per square inch and the effect of the mass of the spring is neglected. 

It is evident that to determine the stress produced by a given 
load it is necessary to know how that load is applied. 

Loads which are fixed in position and constant in magnitude 
.are dead loads. The weight of a structure is a dead load. A 
load which is applied gradually, as the weight of falling snow, is 
treated as a dead load. A load which varies in position, such as 
the weight of a moving train on a bridge, is a live load. Any 
load which changes in position or magnitude will produce impact 
stresses. The magnitude of this impact factor depends upon the 
speed of application. 

In most cases a varying load requires some time for its appli- 
cation, so that the stress produced by a live load is something less 
than twice that of an equal static load. The mass of the body 
subjected to load is also a factor which must be taken into 
account, as well as the natural time of vibration of the parts of 
which it is made up. 

When a locomotive runs on a bridge, the effective unit stress 
produced may be 50 per cent, greater than that due to its weight 
alone. We say then that an impact factor of 50 per cent, should 
be added to the live load stress. If the speed is reduced, the 
impact factor is smaller. 

166. Maxwell’s Theorem. — In Chapter VIII it was taken 
for granted that the deflection at any point due to several loads 
at various points is the sum of the deflections due to each load 
taken separately. This is called Maxwell’s theorem and may be 
regarded as an axiom which has been amply proven by experi- 
ment. Its use with the methods of external work leads to some 
interesting conclusions. 

If A and B are two points on a beam the deflection at B due to a 
given load at A is equal to the deflection at A due to the same load 
at B. 

Let ^a, Fig. 183, be the deflection at the point A when the load 
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P is placed at that point, and let yah be the deflection at B due to 
the load at A. Let yb be the deflection at B when the load is 
at B, and yba be the deflection at A due to the load P at B. 

Let the load Pi be first placed on the beam at A and then let 
the equal load P 2 be placed at P. The work done at A when the 
Piya 

load Pi is applied is The point B is lowered a distance yah 

when the load Pi is applied but no work is done since there is no 
force at B. Let the load P 2 be now applied at B producing a 


A B 



ip. 

Fig. 183. 


deflection yb at B and a deflection yba at A, The work at B is 
P22/& 

~ — At the same time the point A is deflected an additional 


yba under the full load of Pi, and the additional work is Piyta^ 
The total work is 


PlVa 

2 


+ P'^Vba + 


PiUb 

2 


( 1 ) 


If the load P 2 be placed on B first and then the load Pi on A the 

Work = (2) 

But equations (1) and (2) are equal and when Pi = P 2 the first 
and last terms of (1) are identical with the last and first terms 
of (2) hence 

Pyba = Pyah] yba == 2/a&. (3) 


Examples 

Find the deflection at the middle of a beam supported at the ends due to 
a load at one-third the length from one end. 

From equation (9) of Article 82, 


Ely “ 


Px^ 

12 


PPx 
16 * 
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WhC!U 


X « Ely 


23 PL^ 

i,2mr 


whidi given th(^ n(. <lue to Uh* load /* at. iht^ nuddle. d'he deflec- 

tion at tht^ tui<ldlt^ du(^ to th(‘ load I* at I li<‘ t lord point in the Hunie. 

Find th(? dtdleeti<»n at tin* en<l of a <vintil(‘V(‘r <lu<* to a load iniif()nnly din- 
trihuted ovt*r a length a ineaHured frtnn tla^ fr<‘e end with no load on the 
remainder, 

load on a haigth dx in wd.i\ 'rhe deflection at a diatanee x from the 
frcH' end <iue to a load wdx on ih(^ fna' (*n<I in, 

E!y (x^ :iPx I 2/^), (4) 

“rite tlefleetitm at tln^ caid dne to the h>ad frdx at x in th<‘ naints and th«* total 
dcdleetion at tlie end <hie to the load on tfie leiigtli a in given hy, 


E/y 


r , 



w 

x^ 

;t /V’ 

t.'-’ 

3 Px 

1 - 


t 



Ely 


wf tP PtP \ 

n \ I 2 / 


When a - ec{nation (tlj hreotnen Ely 


irP 
H ’ 


Fern PKporiineritH on iho iinpiMdi of inoving; truinn, F. hh 
'I'urnoatiro, TraHmtciianH Americdn Eociviy of (U'lul Enginrrn^ 
v<d. XIJ, pagoH 4l()--4CHk 


CHAPTER XVI 

COMBINED STRESS 

167. Resultant of Shearing and Tensile Stress. — Fig. 184 
represents a block of breadth dx, height dy, and length I, subjected 
to tensile stresses of intensity perpendicular to the left and 
right vertical faces, to shearing stresses of intensity Ss parallel 
to these faces, and to shearing stresses of equal intensity in the 
top and bottom faces. The shear on the left face is upward and 
on the top face toward the left. It is desired to find the unit 
shearing stress parallel to the diagonal BG or CF and the unit 


E F 



tensile stress normal to the plane BCFG. The block may be 
considered as divided by the plane BCFG into two equal triangu- 
lar prisms. The prism which lies to the left of this plane will be 
taken as the free body in equilibrium. The forces which act on 
this free body are five in number: 

Total tension Stldy, toward the left, applied at center of 
BCED) 

Total shear s^ldy, upward, applied at center of BCED; 

Total shear Saldx, toward the left, applied at center of DEFG; 

Total shear on BCFG, parallel to BG, applied at center of 
BCFG; 

Total tension normal to BCFG at its center. 

The unknown unit shearing stress in the plane BCFG will be 
represented by si and the unknown unit tensile stress by aj. 
The total shear on this plane is then sJZds, where ds is the length 
of the diagonal BG. The total tension on the diagonal plane is 
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s/Wa. Wo will detormino the magjiitudo of these unknown 
forces by resol ving parallel to HG and normal to the i)lane BCFO. 
These five forces are represented in a single plane in Fig, 1H4, 11. 
Resolving parallel to BG and dividing by 


9idy cam Q 4’ coh 0 — nin 0 » 

= 8,(18, 

(i) 

where 0 is the angle lui(.w<H‘M the plane liCFd and the horizontal. 

dividing by and Hulmtituting for , nnd ' • 

ati c/.v 



aj - ai nin 0 coh 0 t- a« 1(^08“ (1 

(2) 

, Hin 2 0 . .. 

Hi ' f (»0H 2 0, 


(3) 

RcHolviiig normal to c/a: 



Hidy Fill 0 + H,dx Bin 0 4" (U)h 0 

ajda, 

(4) 

aj £3 (} b 2 a# nin 0 coh 0^ 


(r>) 

, 1 - (^(1H 2 0. • .> „ 

8, '-•> 8, 1' 8, Hin 2 0. 

(6) 


These equations apply when the external shcniring stresses in tbe 
block have the directions of Fig. IH4. If the shear is reversed 
some of the signs are changed. 


Problems 


1, With the unit shearing stress 100 pnimds per souaro inch and the unit 

teriiilc strcii in the iamo direction 4(K) pounds per square inch (Fig, IHil), 
find the rciultant unit shearing strom along a plane making an angla of 20 
dcgrwis with the direotion of tlio tension. Also find the unit tcnMihi stniii. 
normal to this piano. Am, si, 2015; /, ill pounds par squarei inch. 

2. With unit sliaaring strass 100 poundi par square inch and unit tonsilo 
straw ^aro, find the resultant taniilo itri«s and shaaring straw at 45 dagroos. 

Am, 9% 1(10; 0. 

* « 


168. Maadmum Resultant Shearing Stress.—To find the direc- 
tion that tiio plane liCFO should have in order that the shearing 
stress along it shall be a maximum, differentiate the expression 
for s'„ Article 167, (3), with respect to 0: 



«i 008 2 6 


— 2 e, sin 2 0 


» 0 for maximum or minimum (1) 



tan 2 0,™ 



2 


8 , 


/ ' n J ( t < ' f‘ ' ' 

'’S ■ 


-/ 




'fSV 5 

'./! / / ^ 


/ i. 


In:. 


( 2 ) 




2«8 t^TmiNorn of matffiai.f i a Kis 

Tho value of the maximum roHultaiit unit. Hheuriiig strtiSK may 
bo calculated by substitutinf!; the values of cos 2 0 and siu 2 (I in 
equation (3) of the preceding article. A right triangle may be 

formed with s, as tho base and as the altit.iuhf, Kig. IH.^. 'I'he 

angle adjacent to tho side s, is 2 0, tlut hypotenu.sc* is 


V-rr©- 

Xi 



sr" 

Fto. 185 . — Maxittmm rcMiiltiuifc shonrhtg HtrcHs. 
Substituting and dividing by tho common fact.or, 

max < ® ± yjxt -(• (2) ’ J''onuula XXXI. 

The maximum unit shearing stress is th(» hypotemuw) of a right 
triangle of which tho unit shearing stress is one leg anti t»ne-half 
the unit tensile stress is the other. Tho direction of this maxi- 
mum shearing stress makes an angle with tlio original tension 
and one of the original shears, which is ono-half tho angle tif this 
triangle adjacent to tho unit tensile stress. 

For any giyen tangent there are two angles which difftsr by 
180 degrees, consequently there are two values of 2 0 whi<!h aro 
180 degrees apart and two corresponding values of 0 whicli aro 
90 degrees apart. These correspond to tho two valutss of maxi- 
mum shear at right angles to each other. These aro in tho 
direction of the lines OC and OD of Pig. 185. 
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Problems 

1. A part of a solid is subjected to a horizontal tensile stress of 600 poiiruirt 
per square inch and a horizontal and a vertical shearing stress of 400 poiUHlH 
per square inch. Find the direction and magnitude of the maxiirnitn iniit 
shearing stress. 

Ans. 2 9 = 36® 52' or 216® 52'; maximum unit shearing strcBH — 
pounds per square inch at 18® 26' and at 108° 26' with the horizontHl. 

2. Find the maximum resultant shearing stress caused by a liori55ont.nl 
tensile stress of 800 pounds per square inch and a horizontal and vorticutl 
shearing stress of 400 pounds per square inch. 

3. Solve Problem 1 for the magnitude of the maximum stress by nuninn <^f 
equation (3) of Article 167. 

4. In Problem 1 find the unit shearing stress at angles of 10 dogrtiOH, 20 
degrees, 30 degrees, and 40 degrees with the horizontal, using equation (0) 
of the preceding article. 

169. The Maximum Resultant Tensile Stress. — PVoin ec| na- 
tion (6) of Article 167, 

(1 — cos 2 0)+ St, sin 2 6. (1) 

(f^i) = St sin 2 6 + 2 s, cos 2 6, (2) 

For the maximum and minimum sj, 


tan 2 0 = 


Comparing with equation (2) 
of the preceding article it is 
seen that the double angle for 
maximum and minimum tensile 
stress is normal to the cor- 
responding direction for maxi- 
mum shear, and consequently 
the direction of maximum and 
minimum tension makes angles 
of 45 degrees with the directions 
of maximum shear. 

Using the double angle in the 
second quadrant (Fig. 186), 



Fig. 186 . — -Double angle for maxi- 
mum resultant tensile BtrcBS. 


sin 2 0 = 


^ + (f 


cos 2 0 = — 


+ (I) 
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which substituted in equation (1) gives, 


maximum 5/ = -^ + 



“ + max Sa. Formula XXXII. 

Using the double angle in the fourth quadrant, the sine of 2 0 is 
negative and the cosine is positive. Substituting in equation (1), 

minimum ^ — ^Jss + ^ 

Since the maximum unit shearing stress is always equal to or 
greater than one-half the unit tensile stress, the second term of 
(4) is never less than the first term and the minimum stress is 
compressive. 

Problems 

1. In Problem 1 of the preceding article find the maximum and minimum 
unit tensile stress. 

Ans. 800 pounds per square inch tensile stress; 200 pounds per square inch 
compressive stress. 

2. Find the maximum resultant shearing and tensile stress due to a hori- 
zontal tension of 400 pounds per square inch and a horizontal and vertical 
shearing stress of 100 pounds per square inch. 

Ans, tan 2 0, =2; 2 0, = 63° 26' or 243° 26'. 

0s - 31° 43' or 121° 43'. 

Max s's ^ + 223.60 or - 223.60 Ib./in.* 
Max sj = 423.60 Ib./in.^ tension. 

Min St = 23.60 Ib./in.^ compression. 

Fig. 187, II, shows the direction of the maximum resultant shearing stress 
for Problem 2. At 31 degrees 43 minutes the portion below the line exerts 
a shear to the right on the portion above. At 121 degrees 43 minutes the 
portion on the side of the line in which the angle is measured exerts a negative 
shear on the other side and the arrow representing positive shear (away from 
the origin) is on the other side. Fig. 187, III, shows how the shears act on 
the element of volume. 


Fig. 187, IV, shows the direction of the maximum resultant 
tensile stress at a negative angle of 13 degrees 17 minutes, and a 
minimum stress of compression at 76 degrees 43 minutes. 

Problem 

3. Find the maximum resultant shearing and tensile stress due to a hori- 
zontal tension of 300 pounds per square inch and a horizontal and vertical 
shearing stress of 160 pounds per square inch. 

Am. Tan 2 0, = 0.9375; 0, = 21° 35' and 111° 35'. 

Max Sa = 219.32 pounds. 

Max St = 369.32; min Sc = —69.32 pounds. 
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To find whether the maximum tensile stress is 45 degrees 
below or 45 degrees above the direction of the maximum shearing 
stress, consider Fig. 188, I. The tension due to the shear alone 
is 45 degrees below the horizontal at the right side. The tension 
resulting from this and the tensile stress of 300 pounds must lie 
between the two, and is, therefore, below the horizontal. To get 
the direction of the maximum unit tensile stress measure back- 
ward 45 degrees from the line at 21 degrees 35 minutes to the 


Ss .Ssl OO’^ 


. 1 



^ UOQ^ 


[ m* ' 


Ssioo-^ 



II III 



IV 

Fig, 187. — Shear and tension. 



I 

Fig. 188 . — Direction of resultant tension. 


negative direction of 23 degrees 25 minutes. The minimum 
tensile stress, which is a compression of 69.28 pounds per square 
inch, lies in the direction of the broken line in Fig. 188, II. 

170. Resultant Stress in Beams. — ^In a beam the maximum 
resultant stress is due to a shearing stress which is a maximum 
at the neutral surface, and a tensile or compressive stress which 
is the greatest at the outer fibers. It is not usually necessary 
to calculate the maximum resultant tensile stress in a beam, 
since it is seldom greater than the bending stress in the outer 
fibers. 




I 
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Problem 

A 6-inch by 10-inch beam in Hupported at pointii *10 inclit'H apart iirtd car- 
ries a load of 20,000 poimdH midway bctwccri tim atijiporfa. Find tho 
magnitude and dinutiion of thomaxiinmn reault4int ttumifui, alii’nr, ami rtiia- 
presaion, at soctionB B inchcH and 10 inclicH from the h'ft atippurt at ptiiniii 
0, 1, 2, 3, 4, and 5 inchea from tins mmtral axia. 

Table XV, below, gives the results of the ealeulat ion for this 
problem. It will be notieed that the tension is at dfi tkgwm 
with the horizontal at the neutral surface tuul is 250 isnuids {mr 
square inch. At 5 inches from tine end tlie resultant tensito 
stress increases to 500 pounds per square iiurh in ilm mtm filjers, 
and at 10 inches from the end it incraasos to paunds per 
square inch. 


TaBLK XV. JlEHtmTANT BimAE AND "I'SNSUm JN A UlJAM 




HlK*ur 

'IVn- 

Muximutn tth(«nr 


1 TVtllxiltMtlil t'ttttt '' 

Diiatanoft Ixilow 








axk 




1 



1 





PouikIh 

PouikIh 

P»u ml« 

Atitfltt 

PttUlliljs 

j AcmI** 

P»Hin«U 

) 

; A Cglrt 


'o 

250 

0 

250.0 

0" 0' 

250.0 

0' 

1 

250.0 

■If." O' 

At 5 

1 

240 

100 

245.2 

5" 53' 

295.2 

-3r07' 

195.2 

mr^ m* 

inches 

2 

210 

200 

2:i2.0 

12" 44' 

332.(1 

16' 

uri.d 

57“ 44' 

from 

3 

100 

300 

219.3 

2r 35' 

369.3 

■-2*r25' 

69.3; 

tnr 35' 

end 

4 

90 

400 

219,0 

.•>2" 63' 

419.0 

-i2nir 

19,0 

77“ 53' 


5 

0 

o 

o 

250.0 

46“ 0' 

500.0 

0^ 0' 

0 

iKr 0' 

! 

0 

250 

0 

250.0 

0“ 0' 

1 250.0 

--45'* 0' 

250.0 

45® 0' 

At 10 

i! 

240 

200 

260.2 

ir40' 

360.2 

- 33^’ 1 V 

t6fl.2 

mi® 49' 

inches 

2 

210 

4(K) 

290.0 

21“ 48' 

4fK).0 

!-»2:ri2' 

1 90.0 

Off 414' 

from 

3 

160 

mo 

341.0 

HO" 68' 

(Ml.O 

'-ir 2' 

1 41.0 

75*' m* 

end 

4 

90 

m 

410.0 

38“ 40' 

mi.o 

-- 6” 20' 

10.0 

83* 40' 


f) 

0 

1,000 

500.0 

46“ 0' 


0® 0' 

0 

: mf if 


The shearing stress is 260 pounds per square inch at tiw neutral 
axis at both sections, but due to the tensile streiw it increases to 
600 pounds por square inch in the outer filxjrs at the seetbn 10 
inches from the support. 

Above the neutral axis the shear is the same as below and the tension and 
oompreasion change places. The angles are nuraerieaUy the same but. are on 
opposite sides of the horizontal. Fig. 189 shows the direction and Mdative 
magnitude of the maximum and minimum strosaes for this problem. Nmr 
the bottom where tho maximum oomprossion is small its dimetion is sln»wu 
by the dotted lines. In the same way the direction of tho tension is indicated 
near the top. 
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171. Bending Combined with Torsion. — In a shaft subjected 
to bending moment, the maximum tensile stress is found in 
the fibers at the dangerous section which are most remote from 
the neutral surface. When subjected to torsion, all the outer 
fibers are at the maximum shearing stress. When the shaft is 
subjected to the combined effect of bending moment and torque, 
those fibers at the dangerous section which are farthest from the 
neutral surface are subjected to the combined effect of the maxi- 



Fig. 189. — Resultant stress in a beam section. 


mum tensile or compressive stress and the maximum shearing 
stress may be much larger than the results of Formulas VII and 
XIV. 


Example 

A 1-inch rod projects from a vise. A wrench, at right angles to the rod, 
grips it 8 inches from the vise. The wrench is turned by a force of 60 pounds, 
perpendicular to the plane of the rod and wrench, which is applied to the 
wrench 12 inches from the axis of the rod. Find the maximum resultant 
shearing and tensile stress. 
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The bonding inomonfc at thoviso iHtho tuuini an if tli<^ lorcf <il (ill imiitnlH 
were applied directly to the rod at 8 inchtw from the viae, big. Ihll. 

JIf i» 00 X 8 = 480 inoh-poumlH. 

480 X 32 3,840 X 4 

- ■■ ' ESS 

T r 


St 


4,KKi» Hi./iit.’* 


7' >=> 00 X 12 = 720 ineh-poumlH. 

TT T 

Maxinuim Si 
Maximum Si 


V3, (5073 -f- 2,444* 4,407 

2,444 + 4,407 - 0,Hni Ih./in.* 



Sinco thosoctioii modulus uwkI in torsion is twiiu^ that twinl in handinjc, and 
the force P is the same for both toniue and bendiuK nmnmnt, thorn Is a liiric«? 
common factor which may be tak(m out t<i rcHlutu^ tho hibor «»f mini|nilatloii. 

3,840 

In this problem the factor is ^ which is ct|unl it» 1,22’i. 

M$.xSi - l,222Vi5* f 2' l,222\/i:i - 4,407 Ib,/lii.» 


Problems 

1. A 2-inch round rod projects 2 f<H4, from a visi' and is twisted by a force 
of 400 pounds at the end of a 4-foot wrench. Fimi the nmKtiituiii n^siiltant 
shearing and tensile stress. 

Am. MiixSi ^ 13,005 Ib./in.®; max Si - 111,770 Ihjm* 

2. A 4-inch solid shaft transmits 200 hp. at 120 r.p.m,, iimt is sidijected 
to a compression of 24,000 pounds parallel to its length. Find tin* itiaxiftium 
resultant compressive and shearing stress. 

Ana. St as 8,359 lb. /in. max St ^ K,4I3 lb. /in,* 
Sc «• 1,910 Ih./in.®; max St - lti./iri.» 
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172. Equivalent Moment and Torque. — For a circular section 
J = 2/, and when the outer radius is a, 

,, Ma Bt Mil 

r 2 ^ 2 i’ 

» 7Vt Ta 

’"2/’ 




The torin + A/“ may he regarded as the equivalent tor<iuo 
resulting from the combination of (.orsion and bending. In the 
example of the preceding artich; M 480 inch-poumis, T == 720 
inch-pounds and the ecpiivalent torque is 240\/i:{ « 805.3. 

Max ■ *13 4^407 Ib./in.- 


Max 


The term 


Max B', 

„ ilfa , 
“ -■ 21 ^ 
M -f- V'f'^ 


iiy/T-i "b Mil 
2/ 


AM-{-Vr^ + M^) ... 
a 2/ ■ ^ ^ 


may bo regarded as the o<puvalcnt 


bending moment. 


Problam 


A holltnv Mlinft. of 4 inoIo'H irinido diamoior mid 0 huihoH out^sido diatnotor 
in Mubjiuticul to a toniuo of 2,000 foot.^pouudH and a lamding niomiuit of 
l/iOO fo(d.»pouridH. Mnd tho <*(iulval(nd. inaxlmurn tonjuo and nioinont and 
find thn inaxiimun nnit and ionmln HiroHH. 

173. Shear Combined with 

Tension in Two Directions.-^ 

Fig. 191 rc^proHonts a l)lc)(dc 

Bulijcuvt.ed to Hhcuu'ing siremn 

arul horis^ont^al tonBion an in ^ I 

ihe^ c.ano of I'lg. 184, with X 

an additional v(a-tical tonnion 

of inUaiHity Dividing the 

Idocdi by ineann of a plane at 

angle 0 with the horizontal, ,,,, , 

and taking either lialf an the combimKl with whear. 

free body in CHpiinbriuin, tlie 

int(niHity of the shearing strasB in thin inalinod surface is found 
l)y resolving parall(^l to it. If the length of the block norinid to 
the planer of the |)aper is unity, 

aidn 2-3 COB G + cos 6 — ady sin $ - ad^> Hin G. (1) 


. 'rtniMion in two dIrantiunH 
(uanbinml with shear. 
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dx dv 

Dividing by ds and substituting ^ = cos — sin 6, 


s, = (s, - s„) sin e cos 0 + Ss(cos^ 6 — sin^ d) ; (2) 

(3) 


s» = o '~ sin 2 0 + s, cos 2 6. 


Equation (3) is the same as equation (3) of Article 167 with S( — 
Sv in place of si. 

Differentiating (3) with respect to d and equating to zero to 
get the direction of maximum unit shearing stress, 

(Si — s») cos 2 0 — 2 sin 2 0 = 0; (4) 

St Sv 

tan 2 0 = — ~ 
s. 

Solving for the sine and cosine of 2 0 and substituting in (3), 


Max 5a = ->^§5 + ' 


( 6 ) 


which is the same as Formula XXXI with St ~ Sv in place of St. 
Resolving perpendicular to ds, 

sds = Sidy sin 6 + s^dx sin 6 + s^dy cos 6 + s^dx cos 6; (7) 

s' = St sin^ 6 + Sv cos^ 0 + 2 s, sin 0 cos 6; (8) 

s' = “(1 — cos 2 0)+ “-(1 + cos 2 0) + Sa sin 2 6. (9) 

For the direction of maximum unit tensile stress, 

Sa 


tan 2 0 = 


S t Sv 


( 10 ) 


which is normal to the double angle for the maximum shearing 
stress. 

Max ^ (11) 

If the vertical stress is compressive it may be regarded as 
negative tension. If s^ is this compressive stress. 


Max 5a = 

1.2 , fSt + Sc\^. 

V"- + i 2 ) ' 

(12) 

Max Si = 

, f 

2 + max 5a. 

(13) 
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If s, 18 zero, o<iua<.ion ((>) gives — as the maximum unit 

shearing stress at 45 degrees with both a, and There is a 

groator unit Hlu^ariag siroHH of tnagnitiulo ^ plana parallel 

to a*,, at an angle of 45 dognKSH with the (lircc^tion of the grt^ator 

fcltrOHH, Hi. 

E(|uaiion (11) hHowk t hat when the nhearing stroBH ib zero^ the 
maximum tenaile Ht.rcHH in hi . 


Problems 

1. A hI(H?k in Huhj(U5t(?d to a horisjoatal touHilo ninm of 600 pounds par 
Bquaro inah, vartiaal aonipn%ssiv<^ wirasH of 200 pounds par squaroinah, and 
liorkontal find v(u*ti<!al Hluniring; Htrass of 300 pouiulH par square inah. Find 
tha niaxirnuin unit nhaaring and tcaisila 

Am, Max » 500 Ib./in.®; max s' ^ 700 Ih./in.* 

2. A l-inah round rod proj(ud.s from a yIho and in twisted by a foraa of 60 
pounds at tha and of a 12-in(di wranah. Tlia prassura at tha jaws of tha visa 
is 4,000 pounds par scpiarf^ inah. Find tlia mfiximum stn^sHcm if tha wranah 
is appliad 10 inahas from tlui visa and tha diraation of tlia foraa of 60 pounds 
is normal to tlia plana of tlu^ jaws. 

Aim, Max iii ^ 6,245 Il)./in.®; max 4 7,300 ll)./in.^ 

3. A bloak is subjaatad to a hori^sontal tansila stn^ss of 600 pounds pt^r 

wquan^ inah, and a vtul-iaal tansila sinsss of 200 pounds par stpiara inah, to- 
gather with horij?ontfd and vartiaal slu^aring Hinm of 300 poumli par squara 
Inah in tha plana of tha two tansila strassc^s. Find tlia maximum unit shaar- 
ing stress. Am, Max 4 « 360,6 poumls par square inah. 

4. Holva Problam 3 if tha unit shearing stress ba tmly 100 pounds par 

squara inah. Aria. Max » 300 pounds par square inali. 


CHAPTER XVII 


THEORIES OF ELASTIC LIMIT AND FAILURE 

174 . Principles Involved. — In the preceding chapter, methods 
are given for finding the maximum tensile, compressive, and 
shearing stresses developed by a combination of stresses. It is 
a question which of these stresses determines the elastic limit 
and the failure. Also in Chapter I it was shown that stress in 
one direction causes a deformation in the opposite sense in all 
directions at right angles to the direct applied force. For in- 
stance, if there is a compressive stress along the X axis producing 
unit deformation 5, there is unit elongation a-d along the Y and Z 
axes. If, at the same time, there is a tensile stress along the Y 
axis, the total elongation along that axis is that due to the tension 
in its direction in addition to the elongation due to the compres- 
sion along the X axis. It is a question whether the failure which 
may occur at right angles to the tensile stress is influenced in 
any way by the additional elongation due to the compression. 

As a result of these various considerations there are several 
theories to account for the relation of the stresses to the elastic 
limit and the failure. 

176 . The Maximum Stress Theory. — The maximum stress 
theory j called also Rankine^s theory, assumes that failure is due 
to the single stress which is the largest, without reference to 
other stresses at angles thereto, except insofar as the components 
of these stresses affect the value of the maximum unit stress. 
If a block is subjected to a tensile stress St and to a tensile stress 
Sv at right angles thereto, if St is greater than Sv the maximum 
stress is equal to St- This may be shown by resolution as in 
Article 173 or by means of equation (11) of that article 
by setting equal to zero. According to the maximum-stress 
theory the block will fail by rupture along a plane approximately 
normal to the maximum stress when this stress St reaches the 
ultimate strength of the material and the value of St to produce 
rupture is independent of the other stress s^* 

While this theory can hardly be said to be accepted by any one 
who seriously considers the subject, it is, nevertheless consider- 
ably used in practice. In a boiler, for instance, the circumfer- 
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Sc 


St 


5c 


Fig. 192. — Ten- 
sion and compres- 
sion of right angles. 


ential tensilo B -tending to rupture the shell longitudinally 

is twice as cts -the longitudinal tensile stress, and it is custo- 

mary to calct-xl^^to from the circumferential stress alone without 
reference to 

176. The Strain Theory. — This theory, which is 

also called theory, assumes that a solid reaches 

its elastic lixxxxt- the unit deformation reaches a given limit 

and that thoxo xb $xxx -ultimate unit deformation which cannot be 
exceeded witlxoixfc a?\xpture no matter in what way the stresses 
are applied -wlxielx c^xise the deformation. 

Suppose £X Ixloolc, Fig. 192, is subjected to a direct tensile 
stress of St -to a compressive stress at 

right angles •fclxoro-fco of Sc, and suppose the 
material reixclxCB i-ts elastic limit in tension 
when the unit <^loxi^ation is 0.001. Accord- 
ing to the ixxuxixmam strain theory, if the 
unit elongation clxao to the tension is 0.0008 
and there is ximt oloxigation in the same direc- 
tion of 0.0002 cixjLo to the transverse com- 
pression, tlxo olsxBtic limit will be reached. 

Also, if tho nxutorigtl will stand only a small unit elongation 
compared witdi tlxo \init compression, it will fail by splitting along 
surfaces wlxiclx mro p>arallel to the direction of the compressive 
load. 

177. The lVta,3cixnmn Shear Theory. — This is frequently called 
the Guest*** tilxeoiry or the Guest-Hancockf theory. According 
to this theory, ih ^iven material reaches its elastic limit in tension 
or compression, * * wti.en the unit shearing stress, as calculated by 
equation (12) of -A.rticle 173 or by Formula XXXI, reaches the 
elastic limil of "blxe material in shear, and failure occurs when the 
unit sheaririig: str-ess, as calculated by these formulas, reaches 
the ultimate slio^x-ing strength of the material. 

As stated ixl> 0 'vo there is no question as to the truth of the 
theory. 103 sliows three wooden blocks which were tested 

in compression- DFailure has taken place by shear along planes 
at about 45 clogx’oes with the direction of the stress, at which angle 

* See J. J* O ms SOT, The Strength of Ductile Materials Under Com- 

bined Stress,*' I^lviZoso^hical Magazine, July, 1900, pages 69-132. 

t E. L. Hj^n-oocxc, * * The Effect of Combined Stress on the Elastic Proper- 
ties of Steel, American Society for Testing Materials, 1905, 

pages 179-1 SG ; 10 OO, 295-307. 
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the unit shearing stress is a maximum. In a tensile test of soft 
steel the edges at the fracture are inclined at an angle of approxi- 
mately 45 degrees to form the so-called crater. 

It is evident that a bar in tension or compression will fail by 
shear provided it does not fail in some other way before the unit 


yellow pine 

IN COMPEESSfON 
LOAD /ZOOO* 


Fig. 193. — Timber in compression, 


shearing stress (which, at 45 degrees, is one-half the unit tensile 
or compressive stress) reaches the ultimate shearing strength of 
the material. It is also evident that when the unit shearing 
stress reaches the elastic limit in shear, there will be large linear 
deformations which will appear as the elastic limit in tension or 
compression. The point upon which there is not agreement is 
whether a solid ever reaches its elastic limit in tension or com- 
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proaaion before reaching tlio elastic! lirnit in shear, and whether 
failure is always by shear. 

The tests made by (iuost and 
Hancock were upon ducitilo ma- 
terials, and neither of them 
(ilaitmal that the maximum shear 
theory applies to brittle solids. 

To find the angle of failure by 
shear due to compression when 
there is eonsidcirablo friction, con- 
sider Fig. l‘.)4. The component 
of the load P along the plane liO 
at an angle 0 with the normal to 
the applied force, is P sin ft; the 
oompom'.nt normal to this plane is P cos 0. If A is the area of 
th(i normal cro-ss-scsc^lJon the area of the piano PH is A sec &; and 
if «, is the unit shearing strength, the shearing resistance is (i,A 
sen Resolving parallel to PC, 


Km. 



Hhcar fuilunt ciuimid liy 
compnfMNion. 


/' sin 0 Pn (!oa 0 ■+• h,A hcm! 0, 

whore g is the coeffic.ient of fric.tion. 

/' ^ S<!C 0 

s,/l sin 0 g cos b' 

® sin 0 COM 0 — /x cos* 0, 

“ « Mill 2 0 — ju (I -b (!OS 2 0 ). 


( 1 ) 

( 2 ) 

(«) 


'rhe load P is a minimum when the second member of (3) is a 
maximum. Differentiating with respect to 0 and equating to zero, 

cos 2 0 4- M sin 2 0 *» 0; 

(!ot 2 0’^ — fi',2 0 ^ 90® 4- arc tan g; 


. .,o , arc tang 

0 * 46® 4- ~ "2 


(4) 


Failure takes place along a plane which makes an angle of 46 
degrees plus one-half the angle of friction with the plane normal 
to the compressive force. 

178. Failure."— As previously stated, failure of ductile material 
in tension generally takes place by shearing at about 46 degrees 
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to the direction of the tensile stress. Non-ductile material 
such as cast iron or porcelain, fails at right angles to the direction 
of the tensile stress. The shearing stress at 45 degrees due to 
tension is one-half of the unit tensile stress, so that failure by 
shear indicates that the shearing strength is less than one-half 
of the tensile stress. Fig. 195 shows a wooden rod which was 
tested in tension; the fracture is zigzag, indicating shear at angles 
considerably greater than 45 degrees. Timber 
has small shearing strength parallel to the grain, 
which accounts for this kind of failure. In com- 
pression, timber fails by shear at about 45 
degrees as shown in Fig. 193. The blocks 
shown in Fig. 193 are exceptional in that the 
shear occurs for a considerable distance in a 
single plane. Generally there is shear for a 
short distance then splitting to another shear 
plane. 

Fig. 196 shows pieces of wrought-iron pipe 
which have been tested in compression. The 
material flows under stress causing considerable 
enlargement, and finally splits. 

. Fig. 197 is hard brick in compression. The 
failure takes place at an angle much greater 
than 45 degrees. The increased angle is due to 
the friction of the material. In the case of 
timber the angle is practically 45 degrees, prob- 
ably because the shear takes place by bend- 
ing of the fibers at the shear plane instead of 
by sliding. 

Fig. 198 shows two 4-inch by 4-inch blocks 
of 1 : 1 cement mortar, each of which failed by 
shearing at the ends and then splitting length- 
Fig. 195 —Timber wise. The longitudinal fracture may be ex- 
in tension. plained as due to the wedge action of the shear 
pyramids. Another explanation is that this failure is due to the 
lateral expansion caused by the longitudinal pressure. If Poisson^s 
ratio is 0.15 and the compressive stress is 4,000 pounds per square 
inch (which was about the stress in these prisms), there is a lateral 
expansion which is equivalent to the elongation caused by a tensile 
stress of 600 pounds per square inch, which easily accounts for the 
failure by the maximum-strain theory. An explanation for the 




Chap. XVII] ELASTIC LIMIT AND FAILURE 


303 



pyramids and shear action at the ends is that the friction of the 
heads of the testing machine prevented splitting here. 

Porcelain rods 16 inches long and 1 inch in diameter failed 
by splitting nearly the entire length with no sign of shear at 


Fig. 196. — Metal in compression, 


the ends, indicating that, for brittle material with relatively 
small tensile strength, the maximum strain theory holds. 

The bearing strength of a solid depends upon the relative size 
of the surface of contact and the entire dimensions of the body. 


Fig. 197. — Hard brick in compression. 

In the treatment of bearing stress there are two limiting cases. 
The first is that shown in Fig. 199 in which the surface of contact 
is equal to the entire cross-section of the body B, and the length 
in the direction of the applied force is at least equal to the thick- 
ness of the body. In this case the bearing strength is equivalent 




Fia. 108. — Cement in compression. 

composed of separate particles may have con8iclcraI>lo hearing 
strength, depending upon the friction. Dry sand is an o.xamplo. 
In a mass of wheat or flaxseed, where the friction is smaller, ( ho 
bearing strength is less. 

Fig. 201 shows two cases intermediate b<itw(^on Figs. 109 and 

200 . 

Cutting with a knife or chisel depends upon the bearing 
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to the compressive strength. Used in this way, a soft material 
like babbitt metal would show little bearing strength. Fig. 2(M) 
shows a second case. Hero the load is applied to a small portion 
of the body which is of unlimited extent or is confined laterally 
by another body. The portion outside of the loaded area acis as 
a hoop to prevent the lateral expansion. In this form, a body 
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Htrongth of t,ho tool and of the nxatorial cut. The bearing 
Btrongth of tluo tool iindor the conditionB of Fig. 1$H) inunt he 
greater tlxan that of the material under the condit-iouB of Fig. 



Ficj. 199. ’ Kh». 200. — •Ht'ariufj; Kua 20L — ( •hhoh <»f hairing proMHun*. 

Bdaring. on largo body. 


200. At first there is a (h'-presHion in tins material tmder tlie 
edge of tlie tool, an shown in Fig. 202, 1. When the unit KtresB in 



r 



ti in 

Fi(i. 202. Cutting. 


the material exceeds the hearing strength, it is permanently 
pushed hack. In a plastic non-porous material, some of tlxe 
substance is forced up by tlie pressure, as shown in Fig. 202, IL 



Fui. 203,“— Cutting with slicuus. 



PUNCH 



f ■ 



ll 

om 

D 


Fm. 204.^ — Punching a pliUc. 


In a porous body like wood there is an increase in density adja- 
cent to tlie cutting surface. The wheel of a wagon cutting in 
soft earth illustrates both eases. If the earth is wet clay, we 
20 
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have an illustration of the plastic nou-porouH HuliHtaticc; if it is 
dry loam, it approaches the other case. 

When a cutting tool has pouetra(.e<l a little <liKtan<!o, it acts 
as a wedge and exerts a tensile stress upon the material in front 
of its edge. This is shown in Fig. 202, III. 

Fig. 203 shows the behavior of a pair of scissors or shears. At 
the beginning, the cutting is due to the bearing stress on the 
cutting edges, as shown in Fig. 203, I. As the edges penetrate 



Fio. 205.“-Sluga punclaid from attitsl plates. 


mto the material the bearing force is increased at each blade. 
These forces produce shearing stresses in all portions of the body 
in the plane of the cutting edges. Tlio corresponding shearing 
deformations are shown by the dotted linos in Fig. 203, IL Fig. 
204 represents the punching of a metal plate. The plate is l)ont 
a little at first, which makes the surface of contact a narrow 
ring at the edge of the punch and di(i. When the compressive 
stress on these rings exceeds the Ixuiring strength of the plate, 
|S» cutting begins. I’lns is followed by shear, as in 
— the case of cutting with scissors. 

'tr i r X 205 shows some of the slugs punched from 

steel plates. Notice the curvature at the ends. 
Pig. 200. — of small diameter compared with 

Sracdwis'* length, the punch failed after making about 

a dozen holes. 

179, Biaxial Loading. — The most common form of biaxial load- 
ing consists of two tensions, one tension and one compression, 
or two compressions at right angles to each other. Fig. 200 rep- 
resents two tensile stresses of intensities St and s,. In this case 

the maximum unit shearing stress is ~ no matter how great s, 

may be, provided it is not greater than s,. If the maximum shear 
theory holds, the material subjected to biaxial loading should 
reach its elastic limit at the same values of st no matter what is 
the value of s,, or whether s, be tension or compression. On the 
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other hand, a tensile stroas will diniinisli the unit strain in the 
direction of and a cortiprcsaivo atroHS in the direction of will 
increase tlie unit strain in the direction of Bi, The unit strain in 
the direction of St is given by 


If the rnaximuni-atrain theory be the correct one, tlie unit stress 
in the direction of at the elastic limit or yield point will be in- 
creased as «« is increased, and will be diminished if m changed 
to compression. 

Prof. Albert J. Becker* has performed an extensive series of 
ex|>eriments with biaxial loading to determine those points. 

These t(iHts were made on hollow steel cylinders. The pressure 
of a liquid inside these cylinders produced a circumferential ten- 
sile stress, and an axial tensile stress. The axial stress was fur- 
ther increased by the direct pull of a testing machine. In eacdi 
test tlie ratio of the (dnmmfereritial unit stresH to the axial unit 
stress was ke|)t constant. Johnscvids apparent elastic litnit for 
the axial deformation was taken as the limit to be determincHl. 

Table XVI gives approximat(‘4y the results of one set of ex- 
periments, f 


TaCLS XVI. blAXIAU bOAUINCi TSHW 


Tubfi auiab«^p 

Eiitla af 
fllraumfwnatlal 

At apparaat 

unit Htratni, 
Ib./ln.* 

Uinit 

Axial unit 

5 

0.0 

43,000 

o.mmm 

1 

0.240 

40, (KK) 

0.00 I OH 

2 

0.475 

50,0<K) 

0.00152 

4 

0.09 

50,000 

0.00152 

3 

0.02 

50,000 

0.00140 


Tube No. 6, with no circumferential stress, reached the elastic 
limit at tlio tensile stress of 43,000 pounds i)er scjuare inch, Hie 
maximum unit shearing stress at 45 degrees was 21,500 pounds 
per square inch. If failure always takes place liy shear, tlie otlier 

* A. J. Ik'JCKKH, *‘Tlia Strength and StifTiuiss of Stool under Biaxial I^oad- 
ing/' Bulletin No. 85 of The Uinverflity of lllinoli Engineering klxperiment 
Station. 

fThe data of Table XVI were eatiinated from the eurve« of Fig. 17 of 
BuUelin No. 85 of the Univeriity of Illinois Engtneoring Experiment Htatiou. 
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tubes should reach the elastic limit at the Batuo unit stress. It 
is seen, however, that tube No. I reached the elastic limit at 
about 46,000 per square inch axial stress, and the others at ahotit 
60,000 per square inch. It will be noted that the iixial unit de- 
formation at the elastic limit is about the same for the first two 
tubes and is loss for the other throe. It is evident that there 
are two sets of limiting conditions which determine the elastic 
limit. The material roaches its elastic limit wlien the unit de- 
formation is about 0.00106; it also roaches the elastic limit when 
the unit shearing stress becomes about 26,000 pounds per square 
inch. Tubes 6 and 1 reached the liitdting deformation before 
reaching the limiting shearing stress. In the other tubes, the 
greater transverse tension reduciid the axial deformation so that 
they reached the linuting uidt shearing s tress while the unit strain 
was still considerably below tlio limit. 

From the entire aeries of tests, of which Table X VI is only a 
small part, Becker concludes:* 

“ For increasing values of the ratio of the biaxial strewstm the yh'ld- 
point strength follows the maximuin-Htrain theory until the valuo of 
the shearing stress reaches the shearing yield point, then the shearing 
stress controls according to the maximuin-shcar theory. There are 
Ihue two independent laws each dominant within jmper limits instead of 
some single law as has heretofore been assumed” 

Table XVI shows that the elastic linut in shear is alrout 60 
per cent, of the elastic limit in tension. If the maximum-shear 
theory were true in all cases it would moan that the elastic limit 
in shear is always 60 per cent, of tlio clastic limit in tension. 

In thin cylinders, such as boilers, the longitudinal unit stress 
is one-half of the circumferential unit stress, and both are tension. 
If St is the unit circumferential stress, the unit longitudinal stress 

is j. The circumferential unit deformation is reduced by the 

longitudinal unit stress. If Poisson’s ratio is yi the unit deforma- 
tion circumferentially is 

8 < 

8 7s, (2) 

E 8 E’ 

so that the actual unit deformation is only seven-eighths as much 

*BuU6lin No. 86, Illinois University Engineering Experiment Station, 
page 86, 
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!iH (.hilt which WduUl 1«‘ produced hy the circumferential unit 
HtrcHH aid ing alone. U. in not c.UHtoinary to consider this in cal- 
{•ulatinK the Htrminth of hoilm-s. 'I’lie error, when it is neglected, 
i.s on the side of safety. 'I'lie error is really small, for the weak 
part of a luiiler is at a joint. At a longitudinal joint, on account 
of the lapping of the {dates or the butt Htra[m, there is much 
more material to riwist longitudinal tension than in the main 

plates, and the longitudinal unit stress is less than Also, 

there is an unei|ual distribution of both stressoH on account of 
the material cut away for the rivet holes which produces an error 
on the side of danger. For these reasons it is not advisable to 
make any allowance for the reduced strain duo to the combined 
stress. 

180. Combined Tension and Shear. -Tt was shown in Article 
KHl that tensile stress combineil with shearing stress {larallel and 
{HsriHindicular thereto gives: 

Max «; - 4 ^ «? I Formula XXXII. 

Mi«*: • 2 “ (2) 

The minimum is eipiivalent to a comiiressive stress 



The unit deformation in the direction of the tonsil© stress is that 
|)«k1uc«u1 by the maximum tensile stress plus the effect of the 
compressive stress at right angles thereto. 


+ )'■ 


0 ) 4 (I -4- «r) 




When Poisson’s ratio is ‘4 



It is well known that brittle materials, under chose conditions, fail 
by tension. A cast-iron kmI broken by torsion, or by torsion and 
bending combined, fails along a curve which is approximately 
normal to the maximum tensile stress. 
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'rho saino is true of concrete. Fig. 217 shows a clmractcristio 
failure of a roinforccd-conorcto beam supportol at the out Is aiul 
loadoil ut the third points. A diagonal eraek starts near Iho 
bottom utul runs up to the point of application of ono load. Huch 
(irtKiks are usimlly found in reinforeoil-concrote lieanm which are 



Pro. 217. — FaUuro of a roinforood-oonorcto beam. 


tested in such a way jis to develop large ahoar. Between the tw<» 
concentrated loads the shear is zero (except that duo to the weight 
of the beam) and the cracks in this part of the beam are verticud. 

The largo crack in h'ig. 207 



11 

Fit). 208 . 


also extends horizontally 
along the lino of tho reinforce- 
ment but this part only oiKined 
as tho Imam approacluxl total 
failure, while tho diagonal 
crackia one of a munlmr which 
appeared at about one-half 
the ultimate load. 

Fig. 208, 1 is a drawing showing tho same effeot. The crack be- 
tween the loads, running nearly vertical is called a tension crack, 
while the one on the right is called a shear crack. Both are really 
tension cracks but the right one is duo to the tension resulting 
from the combination of tension and shear. 

To prevent failure by combined tension and shear, beams are 
reinforced as shown in Fig. 208, 11. The diagonal bans are called 
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Blioar bars atid are placed in approximately the direction of the 
maximum resultant tensile stress and normal to the direction of 
the so-'Called shear crac.ks. 

It is not known whotluu' tlic'sc!} ar(^ thcs of maximum stress 

or maximum strain. ’‘Fluvro is not a gr<uit relative difTeremte be- 
tween tlio maximum stri^ss (Formula XX XH) and tlus stresB 
wliicli corresponds with the maximum strain (equations (5) or(b)) 
so that careful measurementB will be ne(;eHHary to differentiate 
between them. In cahvulations of tins kind to fmd the allowable 
load it is customary to use h'ormula XXX 11. 

Combined tension and shear have been used to test the theories 
of failure as applied to (hujtile materials. J. J. (Juest* tc^sted 
cylinders of soft stcuil, irorq l)raHH, and c,opp(u* by (‘ombimid tension 
and torsion. Home of tla^w? cylimhu’s wer(^ solid but most of tliem 
were thin hollow tubes. The internal prc^ssure of a U<iuid was 
also applied to some of the tubes. He d<d.erminc‘,d the yield point 
in temion in the cylituh^r thus subjected to (combined stress and 
came to the conclusion that the yield p<nnt is reached when the 
resultant sliearins; stress as calculated by Formula XXXI 
reaches a definite value, 'Thesis researelH^s, whiith arc^ r(!garded 
as classic, are oiien to the criticism that several setsof (hdermina- 
tions were made on 1,he same tube, so tliat the (dtivation of the 
yield point wlien the material is stressed to its yicdd jmint becomes 
a disturbing factor. 

Later, H. L. Hancock tested liollow steel cylinders under com- 
bined sliear and tension. His experiments show definitely tliat, 
*^The presence of a torsional stress lowers tfhe unit stress and the 
unit strain at the elastic limit in tension and also lowers the 
modulus of elasticity, somewhat/’' *** 

Hancock calculated what he called the true tensile str<ms, liy 
equation (fi) for PoissoiFs ratios of |4 and }4* He also caicndated 
a value, wliich he called tlia true shearing stress, by the formula 

(1 + 0 *).^ si ”^( 2 ) ' *'''**^ iH'i'i'ivod at. tho concluHioa that this 

‘‘truo unit slioaring Htrass" (loterininoH tho olastio liniit nf tlie 
matorial.t 

In tho prosont stato of our knowloclgo of combino<l Blusar and 
tonsion or coinprossion it ia boat to calculate tho unit aheariuK 
Btreaa by Formula XXXI and tho unit tensile atroaa by Formula 

* Philcmophical Magazine, July, 1900. 

t Proceedings of lh« American Society for Testing Maierials, 1900, page 301. 
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XXXII and see that neither of these exceeds the allowable unit 
stress of its kind. In place of the tensile stress by Formula 
XXXII, the stress which corresponds with the maximum unit 
strain may be computed by equation (5). 

Probelms 

1 . The allowable unit tensile stress is 15,000 and the allowable unit shear- 
ing stress is 10,000 pounds per square inch. Would a direct tensile stress 
of 12,000 pounds per square inch combined with a shearing stress of 7,000 
pounds per square inch be allowable? 

Arts, No, since the maximum resultant tensile stress of 15,226 pounds 
per square inch exceeds the limit in tension. 

2 . If the unit tensile stress in Problem 1 were 8,000 pounds per square 
inch and the unit shearing stress were 9,000 pounds per square inch, what 
combined stress would determine the safety? 

Am. The combined shearing stress, which is 9,849 pounds per square 
inch, is only a little below the limit. 

3 . If the allowable shearing stress is two-thirds of the allowable tensile 
stress, for what ratios of direct shear to direct tension will each govern the 
design? 

Am. II s, is less than the combined tensile stress governs the design. 

If greater, the combined shearing stress governs. 

181. Elastic Hysteresis.— In elastic bodies subjected to stress, 
the deformation lags behind the applied force. If a load is 
applied to a body in tension, it will stretch quickly for a con- 
siderable amount but will continue to stretch a little more for 
some time. If the load is reduced the body will shorten in a 
similar way. When a steel rod is stretched in an ordinary testing 
machine the load is applied by means of the screws until the beam 
is balanced at the desired load. If the machine be then stopped, 
the beam slowly falls due to the increased stretch. This may 
take several minutes. If the machine be run a little again so as 
to lift the beam, it will come down much slower the next time, if 
it comes down at all. If the stress be near the 3 deld point, the 
beam will drop more quickly and it may have to be lifted several 
times before it can be made to permanently support the load. 

A similar effect is produced when the load is decreased. If the 
poise of the testing machine be set at a given load and machine 
turned until the beam is balanced and then stopped, the beam will 
rise slowly. This indicates that the rod is continuing to shorten. 

Table XVII shows the first of these effects in the case of soft 
steel. In making the test the machine was run rapidly and then 
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stopped. The reading of the load was then taken. After one 
minute the poise was moved back until the beam again balanced. 
For instance, the machine was balanced at 25,000 pounds per 
square inch. After one minute the balance was 24,000 pounds 
per square inch. 

Table XVII. — Test op Soft Steel in Tension 


Area of section, 0.600 square inch 


Total load 

Unit stress per square inch 

Elongation when machine 
stopped 

When 

machine 

etopped 

After one min- 
ute 

When machine 
stopped 

After one min- 
ute 

In 8 inches 

Unit 

Pounds 

! 

Pounds 

Pounds 

Pounds 

Inches 

Inch 

30 

30 

50 

50 

0.0 

0.0 

6,150 

6,000 

10,250 

10,000 

0.00270 

0.00034 

9,000 

8,650 

15,000 

14,420 

0.00405 

0.00051 

12,200 

11,800 

20,330 

19,670 

0.00550 

0.00069 

15,000 

14,400 

25,000 

24,000 

0.00675 

0.00084 

18,000 

17,100 

30,000 

28,500 

0.0082 

0.00102 

19,200 

18,250 

32,000 

30,420 

0.0085 

0.00106 

19,800 

18,600 

33,000 

31,000 

0.0087 

0.00109 

20,400 

19,150 

34,000 

31,920 

0.0092 

0.00115 

21,000 

19,200 

35,000 

32,000 

0.0121 

0.00151 

20,600 

19,350 

34,330 

32,250 

0.0450 

0.00562 

20,600 

20,000 

34,330 

33,330 

0.0530 

0.00662 

21,000 

19,000 

35,000 

31,670 

0.0733 

0.00916 

21,000 

19,200 

35,000 

32,000 

0.1740 

0.02175 

21,600 

20,900 

36,000 

34,830 

0.2121 

0.02651 

22,800 

21,750 

38,000 

36,250 

0.2393 

0.02991 

24,000 

22,900 

40,000 

38,160 

0.2773 

0.03466 

26,400 

25,050 

44,000 

41,750 

0.3873 

0.04841 

28,800 

26,900 

48,000 

44,830 

0.5506 

0.06882 

31,200 

29,050 

52,000 

48,520 

0.83 

0.104 

32,400 

'30,600 

54,000 

51,000 

1.30 

0.162 

32,800 

30,850 

54,670 

51,420 

1.62 

0.202 

32,850 

31,200 

54,750 

52,000 

1.89 

0.236 

32,750 

30,950 

54,580 

51,580 

2.08 

0.260 

32,600 

30,900 

54,330 

51,500 

2.52 

0.315 

23,400 


39,000 


2.98 

0.372 


Broke at 23,400 pounds. The area of the neck was 0.196 square inch. 
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The curves of Fig. 209 were plotted from the results of Table 
XVII. The apparent ultimate strength of this steel is 54,750 
pounds per square inch. The actual quiescent load which it 
would permanently support is less than 52,000 poimds per square 
inch. 

From this table and the curves it is evident that the speed 
of the test is an important factor in determining the apparent 
strength of a ductile material. Also the modulus of elasticity, 
when taken rapidly, is larger than if taken slowly. 

If the material be once stretched to nearly the yield point 
and the load then removed, a repetition of the load will show less 
lag of the deformation. 
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Fig. 209. — ^Effect of time on stress-strain diagram. 


Table XVIII gives a part of the data for the test of a rod taken 
from the same bar as that of Table XVII. The rod was raised 
to 42,000 pounds per square inch producing an elongation of 0.3 
inch in the gage length of 8 inches. It was then brought back to 
50 pounds per square inch. The unit stress was calculated from 
the original area of 0.6 square inch and the unit elongation from 
the original gage length. 

It will be noticed that the effect of time is much less than in 
Table XVII. For instance, in Table XVII the unit stress falls 
from 35,000 to 32,000 in one minute while in Table XVIII it falls 
from 35,000 to 34,830 in the same time. 

Table XVIII shows also the increase of stress after a short 
interval when the load has been decreased. For instance, when 
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Tfitttl Itmil 

Unit itriiMM pw «iuar» hioli 

KluMicfttion wlion maohin® 

itODtMul 




1 




.Z„ ■ 

Whfii mii.- 
ohliw 

WttlpptHl 

Attm nm wiiii* 

UUi 

Wh<<« m*ic4iirib Afttir mtn iiiiu- 
1 I uto 


Unit 


1 

j PduuiIm 


1 r»®h 

Inch 

ao 

ao 

50 

50 

0 

0 

a,CHK) 

a , 000 

5,0(K) 

5,000 

0.00105 

0.00013 

Cl, (KH) 

«,(«)<» 

10,000 

10, (KM) 

0.00200 

0.00032 

!MHK) 

8, IKK) 

15,000 

N.sao 

0.00435 

0.00064 

12,001) 

11, 9(H) 

20,0{K) 

I9,HaO 

O.OOlUO 

0.00076 

lf»,0{K1 

tj.nr.o 

25,000 

24,920 

0. 00785 

0.00098 

IH,000 

l7,K2ri 

a0,0{K) 

29,710 

0.00i)((5 

0.00121 

21,CMm 

UO.WKI 

35,000 : 

a4,Hao 

o.ouoo 

0.00146 


2a,fUM) ! 

•10,(1(10 

a9,aao 

I 0.01355 

0.00 161) 

24,000 

24,2(M) i 

41, 0(H) 1 

40,aao 

1 0.01540 

0.00192 

211/iCM) 

24.550 i 

42, 0(H) 1 

40,920 

1 0.01705 

0.00221 

21, (KK) 

23, IKK) 1 

40, (KK) ' 

39,830 

1 0.01735 

0.00217 

2(,CKH) 

21,150 1 

35, (HH) i 

35,250 

1 0.01580 

0.00197 

IH,CKK) 

lH,i(K) i 

30, (KM) 

30,170 

i 

0.01420 

0.00177 

III,(KK) 

15,075 

j 25, (KK) 

25,125 

0.01230 

0.00154 

12, (KK) 

12,225 

i 20,CKK) 

20,375 

0.01080 

0.00135 

l),{KK) 

9.a(K) 

15, (KK) 

15,5(K) 

O.OOIHK) 

0.00112 

CMKK) 

0.225 

10, (KK) 

10,375 

0.00730 

0.00091 

a,(KH) 

3,125 

5,000 

5,210 

0.00520 

0.00005 

:io 

120 

50 

2(K) 

0.00350 


ao 

30 

50 

50 

0.(K)330 

0. 00041 


tluj load wiiH (IropptHl to 20, (KK) pounds por aquaro inch, after 
one minute it wa« fotuid to have iticrtuiHod to 20,376 pounds per 
Htjuaro ituih duo to tin* continued Hhortciiiitifi; of the tost piece. 

Fig. 210 hHowh the liohavior tif this teat piece. Curve I is the 
Htr<««-«tTaiii diagram ujt to the yield {Kiint at a little under 36,000 
jMJundH iH*r Hciuare inch. 'I'hiH is iiraetieally the Hanie as the re- 
iBultK of 'rahle XVII. 'I'ho interval from It to C, representing 
unit <tlongation of 0.0300, is omittisl. The curve is then drawn 
from U to />. From li tlm load is lowered to 60 pounds per 
square inch. Table X VIII Ix^giiiH at this p(nnt at unit elongation 
of 0.0375 which corresjjondH with 0 of tin* table. From 3,000 to 
40, OIK) {Hninds per sciuare inch the curve is nearly a straight line. 
At 40,000 pounds there is a rapid change in slope and the effect 



316 


STRENGTH OF MATERIALS 


[Aht. 81 


of time is very greatly increased. There is practically a new 
yield point at 40,000 pounds per square inch, whereas the original 
yield point was under 35,000 pounds per square inch. It will be 
seen from Table XVII that when the apparent unit stress was 
42,000 pounds per square inch it dropped to about 40,000 pounds 
after one minute. The rod of Table XVIII was raised to 42,000 
pounds and then lowered and the new yield point on the second 
application of load is now raised to the load which it would per- 
manently support with the elongation originally produced by 
42,000 pounds per square inch. 

When steel or wrought iron is stressed beyond the yield point, the 
yield point at the next application of load is found at the permanent 
stress previously reached. 



The elastic limit is also raised. On the other hand, if the yield 
point in tension is raised by straining the bar beyond its original 
yield point, the yield point in compression is lowered so that the 
length of the interval between these two yield points remains nearly 
constant 

The descending curves, from D downward and again from E 
to F, are concave toward the left while the ascending curves are 
concave toward the right. This leaves an area between the 
ascending and descending curves which represents the energy 
lost in the cycle, and may be called the loop of elastic hysteresis. 

At F the bar was allowed to rest for 40 hours without load. 
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It was then raised to G at 40,000 pounds per square inch and again 
lowered to 50 pounds per square inch. It will be seen that the 
hysteresis loop has a small area, and that both the ascending and 
descending curves are nearly straight. Also, there is no tempor- 
ary set. 

Fig. 211 shows some of the results of similar experiments at 
the Watertown Arsenal Tests of Metals,^'* 1886, Part 2, pages 
1571-1617). These tests were made on eye-bars about 25 feet 
long. The gage length was 260 inches which made it possible 
to measure the elongation with great relative accuracy. 

Table XIX represents the first part of the test. The initial 
load was 1,000 pounds per square inch. After each load the 



machine was reversed to the initial load and a reading taken for 
set. Under the heading ^'Unit elongation'' the table gives the 
values obtained by subtracting the original reading at the initial 
load from the reading at the given load. Under the heading of 
^^Net unit elongation" the table gives the values obtained by 
subtracting the set at initial load following a given reading from the 
elongation at that load. Curve I of Fig. 211 shows both elonga- 
tions. The line of greatest slope drawn through the circles rep- 
resents the net unit elongation. The values of the modulus of 
elasticity as obtained by the two methods are quite different. 

After the load was removed the bar was again tested. The 
results of one cycle are given in Table XX and by curve 11 of Fig. 
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Table XIX. — Watertown Tests of Steel Eye-bar 


Total load 

Unit stress 

Elongation 

Set under 
initial load 

Net unit 
elongation 

E 

per square 
inch 

In 260 
inches 

Unit 

Pounds 

Pounds 

Inches 

Inch 

Inches 

Inch 


5,250 

1,000 

0.0 

0.0 




26,250 

5,000 

0.0456 

0.000175 

0.0065 

0.000150 

26,670,000 

52,500 

10,000 

0.0915 

0.000352 

0.0085 

0.000319 

28,210,000 

78,750 

15,000 

0.1369 

0.000526 1 

0.0089 

0.000486 

28,860,000 

105,000 

20,000 j 

O.lSflS 

0.000698 

0.0096 

0.000661 

28,750,000 

131,250 

25,000 ! 

0.2264 

0.000871 

0.0101 

0.000832 

28,850,000 

157,500 

30,000 

0.2720 

0.001046 

0.0109 

0.001004 

28,880,000 

183,750 

35,000 

0.3194 

0.001229 

0.0147 

0.001172 

29,010,000 

196,000 

37,330 

0.3459 

0.001330 




198,000 

37,710 

0.3700 

0.001423 




200,000 

38,090 

0.5665 

0,002179 


j 


204,750r 

39,000 

1.07 

0.0041 




210,000 

40,000 i 

2.35 

0.0090 




369,000 

70,286 

i 


30.42 




211. The unit elongation is calculated from the original length 
of 290.4 inches. Readings were taken at a given load and again 
after an interval of three minutes with the same load. The re- 

I : suits agree with those of Table XVIII. With increasing loads the 

U' unit elongation continued to increase and with decreasing loads 

! it continued to decrease. The difference for a three-minute inter- 

i ^ val was never more than M of 1 per cent, of the total elongation. 

I I These tests show that there is a relatively large hysteresis the 

I first time the load is applied and much less hysteresis when the 

\ji loading is repeated. There is also some set which slowly van- 

ishes. 

The form of the ascending curve at the second apphcation of the 
load depends largely upon the length of time which has elapsed 
after the first load was removed. If the second loading is applied 
before most of the temporary set has vanished the curve will be 
I; very steep at first and will have an apparent elastic hmit at a low 

|; stress. This is seen in Fig. 210 where there is a change in slope 

l]; at 5,000 pounds per square inch, and then practically a straight 

line up to D, The curve starting from F has no such bend be- 
. cause the bar rested before this load was applied. 
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Table XX- "^^-a.tertown Test op Steel Eye-bak Eepeatbd 
Area, 4 :-^^ ®^'u.a,re inches. Gage length, 290.4 inches. 


Bar previously ai^3:*ot;clxed from 260 inches by a load of 369,000 pounds 


Total load 

®'ti'ess per 
inch 

Elongation in 290.4 inches 

Immediate unit 
elongation 

Immediate 

After three min- 
utes 

Pounds 


Inch 

Inch 

Inch 

5,250 

1,117 

0 



26,250 


0.0503 

0.0504 

0.000173 

52,500 

1 1, 170 

0.1093 

0.1099 

0.000376 

78,750 

16,755 

0.1685 

0.1690 

: 0.000582 

105,000 

22,340 

0.2299 

0.2309 

0.000792 

131,250 

27,925 

0.2922 

. 0.2935 

0.001006 

157,500 

33,510 

0.3562 

0.3575 

0.001226 

183,750 

39,095 

0.4209 

0.4222 

0.001449 

210,000 

44,680 

0.4868 

0.4885 

0.001676 

236,250 

60,265 

0.5533 

0.5549 

0.001905 

262,500 

65,850 

0.6209 

0.6230 

0.002148 

236,250 ' 

60,265 

0.5660 

0.5659 

0.001949 

210,000 

44,680 

0.5082 

0.5080 

0.001750 

183,750 

39,095 

0.4491 

0.4489 

0.001546 

157,500 

33,610 

0.3886 

0.3880 

0.001338 

131,250 

27,925 

0.3262 

0.3252 

0.001123 

105,000 

22,340 

0.2631 

0.2620 

0.000906 

78,750 

16,755 

0.1980 

0.1971 

0.000682 

52,500 

11,170 

0.1331 

, 0.1319 

0.000455 

26,250 

6,585 

0.0655 

0.0627 

0.000225 

5,250 

1,117 

0.0048 

0.0030 

0.000016 


1 Bctr rested 15 hours under initial load. 


5,250 

1 

-0.0054 




182. Failtxr-o ijind-er Repeated Stress. — There is a considerable 
area betweerx 'th.e ascending and descending portions of the stress- 
strain diagra.ro. in 3Figs. 210 and 211. The greater the limits of 
stress the greater ttiis area. This inclosed area is a measure of the 
work expeodLed. ixi stretching the bar which is not recovered as 
mechanical work when the load is released. 

Since energy is lost in a cycle of this kind it is natural to expect 
that a great oomlDer of repetitions of stress would cause failure 
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at a maxhnum strosa less than the ultitnato Htrciinth of tho 
material. Tho experiments of WQhler and others show that this 
is the case.* 

When tho stress varied from zero to a maximum it was found 
that if this maximum was loss than one-half the ult imate st rength 
tho piece would fail under a groat number of repc'titions of load. 
If a steel bar having an ultimate strength of 00,()t)() pounds {sir 
square inch is loaded from 0 to 40,000 pounds it will probably 
break after a few thousand applications. If loadtsl from 0 to 
35,000 it will last much longer. If from 0 to 30,(K)0 it may fail 
after several million ropotitiona. If loaded from 0 to 25, (KK) it 
will last indefinitely, t 

Tho smaller tho range of stress the higher the maxitnum may b<( 
without failure under an indefinite number of repc'titiona. Hletd 
having an ultimate strength of 00,000 iwunds per H(iuar(» imdi 
will stand a stress varying from 25,000 to 40,0(K) pounds i«*r 
square inch without failure. 

When tho stress changes from tension to compression tho maxi- 
mum stress is still loss than for tho case of one kiml <if stn'SH. 
Experiments show that when a bar is tested in one direction its 
elastic limit in tho other is lowered, so that tho raising of the 
clastic limit which occurs when a bar of ductile tnaterial is ov(t- 
strainod in one direction is lost when the reverse stress is ap|)lied. 
The experiments of Wiihler show that steel having an ultimate 
strength of 00,000 pounds per square inch when t(^st(ul in tension 
will fail under a stress which changes from 10,000 compression 
to 16,000 pounds tension. If the stress c.hang((8 from 14,000 
tension to 14,000 compression tho piece will i)rol)ably stantl an 
indefinite number of repetitions. 

183. Design for Varying Stresses. — A number of methods 
have been proposed for designing members subjected to repeated 
stresses. This may bo done by lowering the allowable unit stress 
or adding a suitable increment to the applied load. 

*800 Goodman's “Mechanics Applied ’to Enginocring," under tho head 
“Wohler’s Exporiments.’’ Unwin’s “Tho Testing of Materials of Con- 
struction,” pages 350-.'194, gives an oxcclleut disoussion of this subject. 
Also see paper by Hknuy I*. Skaman, TrumacHonii of the American iiociely 
of Civil Engineers, Vol. XLVI (1899), pages 141-150, and discusHion on pag<>H 
166-257. 

t See paper by J. If. Smith entitled “Homo lOxiieriiiumts on Fatigue of 
Metals,” The Journal of the Iron and Steel Institute, 1910, Vol. 11, pages 
246-318. 
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TIio fonmila of Lauiihar<li in an empirical formula based on 
Wbhhir’H expca’imcmtH, which until rcaumtly was considerably 
usecl for ealcmlatiug th(^ allowabk^ working Btress for varying 
loads. TfuH formula containn a fa(ttor dc^pending upon ilm ratio 
of tlie iiltimalc^ Hta(.i(j Htnmgth to tlu^ idtitnate rc^pcdition strength 
when tlic^ load varic^H fr(»m 0 to the maximum. If we take this 
ratio an 2 wlukdi coincnch'H rtaiHomihly w(‘ll with tlie reBults of the 
testH, the fortnula may lx* writltm 

/. , minimum loads 

.> (M . , , * 

2 \ maximum load/ 

when! 

^ 1 # - static fillowabl(! unit^ hIjx^hh, 

maximum iillowahle unit Htn^sH with varying load. 

When the minimum load in 0, 

When tlie minimum load cajualH the maximum load, 


Problems 

l» If the allowable unit ntrem for a given stool for a static load is 15,000 
poundH per septaro inch, wliat in tho maxiumm idlowaldc unit load and the 
required area of cr<iHs-«(Ha.iou wheat tho load varios from 20,000 to 30,000? 

AnH» 12,500 poiindn per mpiare inoh, 2.4 s({uaro inches. 

2. Find tho area of crcmH-^eetitui to tmrry sahdy a Ittad which varies from 
120,(K)0 to 3e0,tHKl pounds if tho allowable static unit at rt^ss is 15,000 pounds 
per square inch. Am. 30 square inches. 

Launliardt*s formula applies to stresses in one direction only, 
({oodmiui*** recHunmends a simple rule which is easy to remember 
and e.ouvonient to apply. Add to tho maximum load the difference 
heltmen the maximum and minimum load and treat the mm as a 
Btatic load* 

Problsmi 

S. Bolvi Prohlem 1 by CJotHlman’s ^‘dyiuunlc" rule, 

Aum, 2.07 square inohes. 

4, What is tlie cross-section riaiulretl to carry a load which varies from 
30,000 pounds compriwslon to 00,000 pounds tension if the allowable atatio 
unit stress k 12,000 pounds per square Inch? Am. Pi.5 square inches. 

I. A shaft ii iupported botwocn bearings 4 feet apart and carries a load 
of 000 poutidi at the middlo. If the allowable static unit stress Is 12,000 

* CIoouman's **Mechanic« Apidiod to Kngineoring,’* page 535. For a 
dlicuiiicjn of the various formulas see JouKsoNk ** Materiali of Construc- 

tion/* Art. 389. 

21 
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pounds, what is the minimum diameter of the shaft to allow for the alternate 
tension and compression as the shaft rolls over? 

If the shaft makes 100 revolutions per minute in what time will the stress 
reverse one million times? 

Prof. 0. H- Basquin* has shown that the behavior of metals 
under repeated stress may be expressed by the exponential 
formula, 

S = KN^ 

where N is the number of repetitions, K and q are constants 
which must be determined experimentally from endurance tests 
of each material, and S is the unit stress at which the material 
will fail with N repetitions of stress. This formula applies to 
stresses from the yield point down to a little below the elastic 
limit as ordinarily determined. 

184. Crystallization under Repeated Stress. — When steel 
fails under repeated applications of load, the fracture has a 
crystalline appearance. For this reason it was long thought that 
repeated stresses cause the formation of crystals in the steel. 
Microscopicf examination shows that all steel is crystalline and 
that crystals do not form at atmospheric temperatures. The 
crystalline appearance of the fracture is due to the fact that the 
fracture has taken place across the crystals of the steel. 

* The Exponential Law of Endurance Tests, Proceedings of the American 
Society for Testing MaterialSj 1910, page 625. Prof. H. F. Moore and B. F. 
Seely have given a complete discussion of repeated stresses in the Proceedings 
of the Society for Testing MaierialSj 1915, pages 438-460. 

t Read Chapter XI of Rosenhain's “Introduction to Physical Metal- 
lurgy,” on “The Effect of Strain on the Structure of Metals,” for the 
most recent discoveries and theories on this subject. 

Read Howe’s “ Metallography of Steel and Cast Iron.” 


CHAPTER XVIII 


CURVED BEAMS AND HOOKS 

186. Stresses in Curved Beams. — Fig. 212 represents a portion 
of a curved beam between two planes AB and CD, each of which 
pass through the center of curvature of the beam. The plane 
AB, at the left end, is regarded as fixed while the plane CD, at 
the right end, is rotated through an angle 6 to the position C'D' 
when the beam is bent. The unit stresses in a beam of this kind 
do not vary directly as the distance from the neutral axis, because 



PiQ. 212. — Curved beam of rectangular section. 


the length of the filaments are not the same. If the neutral 
axis were midway between C and D the elongation DD' would be 
equal to the compression CC' but the unit elongation at the top 
would be less than the unit compression at the bottom, since the 
original length BD is greater than AC. 

The length of any filament such as EF is proportional to its 
distance from the center of curvature, so that the unit defor- 
mation and the unit stress vary as the quotient of the distance 
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from the neutral axis divided by the distance from the center of 
curvature. 

In Fig. 212, jRi is the inside radius, R 2 is the outside radius, Ro 
is the radius of the neutral surface, r is the radius of any filament 
and vq is the distance of the neutral axis from the center of gravity 
of the cross-section. The angle at the center of curvature sub- 
tended by the portion of the beam is so that the original length 
of any filament is r<^>. The angle through which the plane CD is 
turned when the beam is bent is 9. If the assumption that a cross- 
section of a beam remains plane when the beam is bent be valid 
for curved as well as for straight beams, the deformation of a fila- 
ment at a distance r — Ro from the neutral axis is (r — Ro)6 and 

Unit deformation = ^ ( 1 ) 

Unit stress = s = ^ ^1 — . (2) 

At the innermost fibers 

(3) 

At the extreme outer fibers 

(4) 


The location of the neutral axis is found by means of the condi- 
tion that the total stress across any section is zero. 

Stress on element of area dA == hyl dA ; (5) 



( 6 ) 

( 7 ) 


The resisting moment of the stress on the area dA is the product 
of this stress multiplied by distance r — i2o* 

M = - ^0^' dA . (8) 

The values given by equations (7) and (8) depend upon the form 
of the section, that is, upon the value of dA as a function of r. 
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To lind till! unit Hf.niSH at any point in terms of the moment, 
eliminate k l>etw<“(‘n (filiations (2) and (8), and to find S at the 
inn(>r or outer fdn'rs, use. 10 or 10 for r in the equation thus 
obtainifl. 

180. Curved Beams of Rectangular Section. — For a rectangular 
beam of unit width, dA - dr and A - It-x - 10 = d, where d 
is the depth. I''roni eiiuat ion (2) of Article 18.5, 

,1 .1 d 


10 


I'll 


r'^ulr 

Jk. 

10 1 10 

•) 


, 10 . 10 d" d 

log log 


/I'l 10 

d 


10 ■■ 10 + 2 

Example 


10 ; 


( 1 ) 


( 2 ) 


In a tieiun of r(■l•inIlKnlal• Hcct.ion t.lie inuor radius is 4 iiudics and the 
outer riidiuM is H inclicH. Kind Hie disUiKKi of tho neutral axis from the 
center of gravity of the Meethm. 


ri 

1 inehes; 

Kn ’ 

4 

2 

Vu - 

-0 5.771 

f'n 

d 

0.0572. 


■» 

lU 


4 

().(H)air> 

0 . 220 . 


5.771 iiic.heH. 


In n rectangular beam of dcptli equal to the radius of tho inner surface, the 

nifutrid lixw In ^hifUnl toward miritar of tnirvaturo 0.0572 of tho depth, 

or noarly 0 por rinit. ^ r xi. 

To find tho r<‘wwting niorrunit, Hubatituto dr for dA in equation (8) of the 

preeiiding iirticde. 

rii>/ m\ .\r^ 

M - k 


k '^r 2 Un + >■ | - 2 lOr + Ji] log r 

M - ' 2 ^' - 2 lOUO “ 10) + log jfj- 


(3) 

(4) 


(“ 

« - ./"I ; 


Bubatitutiug thi' value of 10 from equation (1), 

V, -/(!! UdO-lO)^ , (10_- Bx)J: 

*' ■■‘■1 ■' - ^ 

i '"I 


, ~Ji, 

/lO + lii 
kdl 2~ 




(6) 

( 6 ) 

( 7 ) 
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For a rectangular section of width h instead of unity, multiply 
by h, 

M = kvM. (8) 

Equation (7) may be derived more quickly by taking moments 
with respect to an axis through the center of curvature. The 
moment arm of the stress on an element dA is now equal to r, and 


M = ^ydA = fc J(r - Ro)dr, 

for a rectangular section of unit breadth. 

M = k[j- 5:or]^’= k - R,(R, - R,)) ; (7) 

jf = M _ iJo) = kvod. 

For a beam of breadth b, equation (7) becomes 

M = kvobd (8) 

Eliminating k between (8) and equation (2) of the preceding 
article, 



In the above example, to find the unit stress at the inner fibers, where 
r — Ri — 4: inches, 


4 X 0.229 


0.4427 M. 
0.916 


- 0.483 M, 


For a straight beam 1 inch wide and 4 inches deep, the unit stress in the 
extreme fibers is 0.375 ilf . The unit stress at the inner fibers of a rectangular 
beam for which the outer radius is twice the inner radius is 0.483 0.375 = 

1.288 times as great as the stress in the extreme fibers of a straight beam of 
the same section. 


Table XXI below gives the displacement of the neutral sur- 
face and the ratio of the unit stresses in the extreme inner concave 
surface and the extreme outer convex surface of a curved beam 
of rectangular section to the unit stresses in the extreme fibers of 
a straight beam of the same section. 

d 

Fig. 213 is plotted with ^ as abscissa. The upper curve is 


(iHAi*. XVini CURVED BEAMii AND HOOKS 


Taiilb XXI.— Displacement op Njoutkai. Suhpace and Exteeme Fibee 
HT itKssEs IN Curved Beams op HECTANauLAU Section 
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Example 

By means of the curves of Tig. 213 find the maximum unit stress in a 
rectangular beam 4 inches wide with inside radius 2 inches and outside 
radius 7 inches, due to a bending moment of 150,000 inch-pounds. 

The unit stress in the extreme fibers of a straight beam of this section, 
due to this moment, is 9,000 pounds per square inch. From the curve the 
ratio is 1.63 so that the unit stress in the inner fibers is 9,000 X 1.63 = 14,670 
pounds per square inch. 

Problems 

1. Verify Table XXI for = 3. 

2, By means of Table XXI or Fig. 213 find the unit stress in the extreme 
fibers and displacement of the neutral axis in the case of a beam of rec- 
tangular section 6 inches wide and 7 inches deep, curved with inner radius 
2 inches, due to a bending moment of 200,000 inch-pounds. 

The stresses at the concave surface are numerically the greatest and are 
the most important, except in the case of a curved cast-iron beam with the 
convex surface in tension. The dotted straight line 
of Fig. 213 with a slope of 0.25 differs little from the 
actual stress ratio for the concave surface. The 
equation of this line is 

y = 1+ 0.25|- (10) 

where y is the ratio of the unit stress in the curved 
beam at the concave surface to the unit stress in a 
straight beam of the same section. Based on this 
line, the unit stress at the concave surface of a beam 
is given by the approximate formula 

&-|"(l+0.25|). (U) 

Problem 

3. Find the unit stress in the fibers at the concave 
surface of a curved beam of inner radius 5 inches, 
depth 8 inches, and breadth 4 inches, due to a bending moment of 26,600 
inch-pounds. Solve by equation (11). 

Ans. S == 600(1 + 0.4) = 840 pounds per square inch. 

187, Beams of T-section. — Fig. 214 shows a T-section. The 
method of calculation is the same as that used for a rectangle 
except that two sets of limits are required. 

A 10 

^ 9 "" 4 X 0.40546 + 1 .09861 = 

4 log 2 + log g 

The center of gravity is 2.6 inches from the inner surface so that 
Vo = 2.6 1.676 = 0.924 inch. 


CENTER 


OF 


T17 


GRAVITY 




^0 Ri^2* 

Jl i 


Fig. 214. — T-section. 
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With T- or I-ecctioiw tho relative displaceinont of the neutral 
axis is grcat<5r than in a rectangular section. 

To find the bending stroHs the integral of tho second method 
of Article IHb must bo tak(!n between two of limits after 
multi{)lying by the breadth. The eciuatiou for the unit stress at 
the concave surface is 


(lii - A,,) M _ 
hiti ( - /dor] 


( 1 ) 


the denominator of whieh in taken l)etween tho limits Ri and /is 
in the case of a rectangular scad.ion. With tho T-section of Fig. 
214 the^ breadtli b in 4 in(;h(^H for tlio limits r « 2 to r * 3, and 
the breadth b is 1 ineli for the limits r - 3 to r « 9, so that 
equation (1) becomcB 



2|2(;i“ - 2») -I- *’■ - 4 X 3.(mi - (5 X 3.676] 


1.676 Af 
2(46 - 36.76) 


O.OiKlH M. 


At tho convex surfac(‘, 

„ r..324 M 

' “ “ 1) X 9.24 


0.064 Af. 


(Jast-iron beams are freciiamtly made of T-section and used with 
tho stem in compression so as to make tho comprossivo atreas 
greater than tho tensile stre^ss. In a straight beam of the section 
of Fig. 214 tho unit stresses in the outer fibers would bo in tho 
ratio of 44 : 26. With a curved beam tho advantage of using a 
T-seotion is not so groat. 


Problem 

Find tho unit Htressoii in tlio oxtreimi fibora of a rtuilnngulnr beam 2 inohdi 
wide and 5 inohess deep with /ii 2 inches. Clompare tho results with tho 
T-soction of tho above oxaraplo. Am, Bi « 0.212 M. 

St - 0,089 Af. 

188. Curved Beam of Circular Section.— 

To find Rt, 

(lA ^ —2a sin 0 dr; 
r >» c -f a cos 9; 
dr « —a sin 0d9; 
dA —2 a’ sin® dd$, 


( 1 ) 
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where c is the radius from the center of curvature to the center of 
the circle, and a is the radius of the circle. 

dA _ 2 sin^ Odd 
r c + a cos B 

dA 

^ dA y 


= (- 2a cos g + 2c - (3) 

- 2asm (? + 2ce + (4) 

= 2 CT + 2 — a2 ^sin- i “37“ 


sin- 1 


■^) (5) 

c “f* 

: 2cTr - a2 = 27r (c - - a^). (6) 



Fig. 215. — Circular section. 


jRo ~ 


Tra^ 


2 7r(c — — • a^) 

jB 2 “f" -Ri 


+\/c2 — 


Since c = 


and a = 


2 

jK2 — ^1 


jBo = 


2 ™ 2 

Ri + 2Vr^ +R2 _ iVW[ + V^y 


(7) 


( 8 ) 


4 4 

To find the resisting moment in a curved beam of circular sec- 
tion with respect to an axis through the center of curvature, 

M = h J* — —^rdA = hj* (r — Ro)a^ sin^ Odd; (9) 
M = k J* ((^ ~ 2 a^sin^ B + 2a^ sm^ $ cos B^ dB] (10) 
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M « A-a“|'(f: - 1U)(0 » ^ a Hiir’ ^ (H) 

ilf m ka^ric — liu). (12) 

Tho moment in tlioso eciiuitiouH in taken with rcHpect to an axis 
tiirough tho center of curvature, Imt this is tho same as tiuj mo- 



l'’m. 216. — Unit atn^na in outer fibers of ourvetl bourn of oireuliir Moiitiim. 

mont with respect tho neutral axis provided tho total compression 
is equal to tho total tension, in which ciiso tho tension and eom- 
pression form a couple. 

At tho concave surfaro wlu^ro r == Ih, 

» a(i ~ 

Combining with equation (12), 
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^ Ta^(c — jRo) 

Substituting for Ro and c in equation (13); 

^ _ (SRx- R2)M 

' irRia^iRi - 2-\/R^^ + R^' 
At the convex surface where r = ii 2 , 

s = (3 - 2\/Ia - jei)M 

irRiO^iRi — 2 \/ RiRi + JB 2 ) 


(13) 


(14) 


(15) 


Example 

The inner radius is 4 inches and the outer radius is 9 inches. Find the 
displacement of the neutral axis from the center of gravity of the section, 
and find the ratio of the unit stress in the extreme fibers to the unit stress 
in a straight beam of the same cross-section. 

4 + 12 + 9 

_ 0 25 inches. 

4 

Vo = 6.5 6.25 = 0.25 inch. 

The relative displacement, in terms of the radius is 0.25 2.5 = 0.10 

the displacement of the neutral axis is one-tenth of the radius. 

Substituting in (14), 

9ikr _ 2.25 ikf 

4 7ra^ 

11 M _ 1.22 ikf 

“ 9 xoH4 - 12 + 9) ~ ~ 

In a straight beam, 5 inches in diameter, 

^ ^ _ 4^ _ 1.6 

ira^ 5 Tca^ ira^ 

T ’~2~ 

■fv-hich is a little less than one-half the sum of the unit stresses in concave and 
convex fibers of the curved beam. 

Problems 

1. A beam of circular section is 2 inches in diameter, and is curved so that 
the inner radius is 1 inch. Find the displacement of the neutral surface 
and the unit stress in the extreme fibers compared with the unit stress in a 
straight beam of the same section. 

Ana, Vo = 0.134 inch; Si = 1.616 >^2 = 0.705 S, 


S (12 -12-9) 

' 4 Ta2(4 - 12 + 9) ■ 

Substituting in (15), 

„ (27 - 12 - 4) M 
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2. Show that in a beam of circular acction the maximum possible dii- 
placcmont of thci neutral axis is one^-half tho radius. 


TAuiufl XXir. — (yintvKi) Bs 3 Amb 01^ Ciiun/LAH Beotion 


Rfttlft of diiwnett^r 
to liiritif radhw, 

/) 

Hi 

Diitiinoei of nmitral 
itxia from o^nti^r 

111 ti!irm^ of diiinifdt^r 

tTnlt itr^iseii ^omparinl with itr«ii»i»ii 
in gitraiglit hmm of 

i 1 ' " 

/) 

C’nnftAvi', 

Hi 

Convi*'X, 

Ht 



H 

H 

0.2 

0.0114 

1.071 

0.935 

0.4 

0.0210 

1.142 

0.887 

0.6 

0.0293 

1.207 

0.841 

0,8 

0.0365 

1,271 1 

0. S 17 

l.O 

0.0429 

1 .332 

0.791 

1.5 

0.0563 

1,478 

0.741 

2.0 

0.0670 

1,616 

0.705 

2.5 

0.0758 

1.748 

0.678 

3.0 

0.0833 

1.875 

0.656 

4.0 

0.0955 

2.118 

0.623 


Fig. 216 1 h plotted from Tahh^ XXn. The relatives Htrona at 
the concave surface does not difTer greatly from that represeutad 
by the straight line, 

,S', - >S’ ( I + 0.3 ) ■ 0«) 

189. Curved Beam of Trapezoidal Section. — In a trapezoidal 
Hoction let C bo the dtatanco from the eonter of curvature to tho 
point of intoreection of the non-i>arallel edges of the section, and 
let m bo tho increase of width of tho section per unit distance 
measured along the radius, Fig. 217. In tho figure, C is greater 
than Ih and m is negative. C may l)e loss than Ri, in which 
case m is positive. 


a » 


(1) 

An elaniant of area is m(r 

-- C)dr, and 


‘Total stress ™ 1 

;m J' ^ ^ ~~ ^ C'’ ~ f') 

(2) 

Total stress » km 

2 ~ ~ ^ 1 ^ 

(3) 
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Total stress 


( - - Ro {R, - Ril- C (R, - 22,) + ^^i?logg ) • (4) 

If there is no resultant stress normal to the section^ the total 
stress is zero, and 

2g„ = i 2 


d - C loge 

where d = R 2 — Ri- 

When C = 0, i2o = 


R2 

Ri 

R2 ~t“ jRi 



Fig. 217. — Trapezoidal curved beam. 


and the neutral axis is midway between the surfaces. 

To find the moment of the trapezoidal section with respect to 
the center of curvature, 

M = km J (r — Ro)(r — dr; (6) 

M = kmf (r^ - (R + C)r + CRo) dr; (7) 

M = km[^-(Ro + cf-^ + C22or] 

M = kmd _ (2i;„ + c) +CR,)- (8) 

At the concave surface where r = R\, 
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El 


(Ui 


y^n)A/ 

(/4 + C) + tVioj 


At tho convex surface where r ~ R^, a situilar formula gives ti>e 
fiber stress, 




(Aa - 


lt„) M_ 

■ (74 + (-') 


R. 


a + R 
2 


‘ + b'/eo) 


( 10 ) 


Example 

A trapoiaoidal curved l>canii is 2 inchcis wide at the cencave surface, I 
inch wide at tlie convex surface and 2 inches desjp. The inn(*r radius is 4 
inches, Ixjcate the neutral axis and find the inaxinnnn unit stresses in 
terms of the moment. 


Ri 4 ineln^s, Ri ^ Cinches, C 8 inclics, d ^ 2 inches, m —0.5. 

rr, »-a )2 o . 

/ro ■" ■ ' 1 4. 824 mehes. 

I, I O 

2 “ 8 logg 


The center of gravity of tins scH*tion is 4.H89 inches from the center of 
curvature and th\ ** 0.005 inch. 


0.5 X 4 X 2 


(= 


(4 ^ 
M\ -f 24- + 

a 


4.S24) M 
10 


12.H24 X 5 T 8 X 4.824 


)‘ 


0.824 M 
4 X O-i Of) 


1.0H4 M. 


„ (0 - 4.824) M 

“ “ (i X Odm 

For ft ttrftight Ixitint of tlio Matnu sootion, 


M. 


El - - 0.023 M; 

.S', - l.lMJlf. 


It will be noticed that the location of tho neutral axis ii independent of 
the slope. Tho unit stress is inversely proportional to the slope m, that is, 
it is inversely proportional to the width of the beam. The ratio of the unit 
strcisi in the curved bearri to the unit stress in a straight beam of the same 
section u independent of w. 

For any given ratio of € to Ri a set of values might be oomputed for the 
ratio of the unit stress in the curved beam to the unit stress in a straight 
beam of the same section, and a curve might be plotted as was done for the 
beams of a rectangular and circular section. A sot of such ourvoi might be 

a 

made for various values of the ratio But since the work of calculating 
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tho oentor of gravity and section modulus of a trapcsmidid mod-ion is iiw 
laborious as substitution direct in oqtiations (5), (0) and (10) it is not worth 

while to make thoHo curvea. 

190, Hooks.— A hook is equivalent to a curved beam iub- 
j acted to an eccentric tension. As in the case of a short block 
eccentrically loaded, the total pull P may be replaced by a pull 
P at the center of gravity of the section and a bending monuuit 
PSj where e is the distance from the center of gravity of tlie 

. /> 

tion to the line of the load. The direct tensile stress ^ 

the hook be straight at tho se(‘.tion considered, the tensili^ stress 

p€V . » 

due to bending is -j , and at the innermost fibers, 

At the outermost fibers, if the hook bo straight at the section 
considered, 



In the case of a hook the eccentricity is always so great that the 
second term of this last equation is larger than the first so that St 
is compression. 

Equations (1) and (2) afford an approximate method of finding 
tho unit stress in a hook or curved rod subjected to tension or com- 
pression, but unless tho curvature at tho section considered be 
relatively small there is a considerable error on the side of danger. 
For more accurate results it is necessary to treat the hook as a 
curved beam in finding the second term. At the innermost 
fibers of a hook, 

Sc - + -Si , (3) 

where Si is the unit stress at tho concave surface calculated for a 
curved beam with the moment equal to Pe. At the mitennost 
fibers, 

S, = S, - (4) 

191. Curved Bar of Rectangular Section. — While hooks are 
not made with a rectangular section, curved bars are sometimes 
made with sections which are approximately rectangles. 
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Example 

A curved bar of rectangular section is 2 inches wide. At the section 
farthest from the applied load the inner radius is 3 inches and the outer 
radius is 6 inches. The load is 3,000 pounds tension and passes through the 
center of curvature. Find the maximum unit tensile and compressive 
stress at the most remote section. 

Ri — S inches; jK 2 = 6 inches; d = S inches; & = 2 inches. 

M = 3,000 X 4.5 = 13,500 inch-pounds; A = 6 square inches; 

2 = 500 Ib./in*. 

= i3|r2 = oirs = 

Do = 4.500 - 4.328 = 0.172 inch. 

The unit stress at the innermost fiber due to bending, by equation (9) of 
Article 186 is, 

^ (3 -4-328) 13,500 , _ . 

“ 3 X 2>r3 X'olra “ 

St = 5,790 + 500 = 6,290 Ib./in.^ 

At the convex surface, ' 

„ (6 -4.328) 13,500 

~ '6^3^2~SroT72 ~ Ib./m.® compression. 

St = 3,638 - 500 = 3,145 Ib./in.^" 

If the bar were straight and had the same eccentricity of 
loading, the bending stress in the outer fibers would be 

^ 13,500 X 6 , 

^ ~ 4,500 pounds per square inch. 

The approximate value for the unit bending stress in the curved 
beam is 4,500 (1 + 0.25) = 5,625 Ib./in.^, and approximate St = 
5,625 + 500 = 6,125 Ib./in.^ 

It will be understood that Ro in this example is the distance 
from the center of curvature to the location of the neutral axis, 
if the beam were subjected to bending only. When the bending 
is combined with tension the actual surface in which the fibers 
suffer no deformation is farther from the center. When the 
line of the load passes through the center of curvature, as in this 
case, the true neutral surface in a rectangular section passes 
through the center of the section. 

Problems 

1. Find the unit stress in the extreme fibers in the above example by 
means of Table XXI. 
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2. A curved beam of square section is 2 iiudies witU^. Tlie inner radius 

is 3 inches and the outer radius is 5 inches. The load is 2,000 pounds and 
passes through the center of curvature. Mnd the maximum tensile and 
compressive stress. Ann. St 7,806 Ih./iri®. 

3. Solve Problem 2 by means of the curves of Pig. 213. 

192. Hook of Circular Section.— The problem of finding the 
unit tensile stress at the concave surface of a hook of circular 
section is solved by means of equation (14) of Article 188. Re- 
garding the tensile stress as positive the complete expression for 
the concave surface is 


s = , Ji. 

S = zAI^ 4- iV 

1 2-VRdi% + Ri) ^ / 

At the convex surface, from equation (15) of Article 188 

= T - ^yRTRl zJ^x) __ 

" “ “ W '-WRiR^+ Ri) ) ' 


Example 

A hook of circular section is 2 indies in diarnoter. The inner radius of 
curvature is 3 inches and the outer radius is 5 inches. The load is 2,()0() 
pounds with the lino of its resultant 1 inch inside the conoav© surface. 
Find the unit stress in the extreme fibers. 


Ri 

P 

ir(A 

Si 


s, 

Sc 


3 inches; « 5 inches; a « 1 ineh; e 2 inches. 
030.6 lb. /in.* 


036.6 


’2(5 -f 2VW - ^1) 


636.6 


/2a 

\3a 


636.G 


.3(3 - 2v'l5 + 5) 

2 X 3.746 

3 X 0.264 
2 X 4.264 


+ 1 


6 X 0.264 


1 



636.6 X 10.«3 

036.6 X O.OOO 


tm 


6,804 II)./in.» 
3,628 ll)./in.» 


Problem 


A hook of circular section is 3 inches in (liannitor. 'rhn inner ra<liu8 of 
curvature is 4 inches and the distance from tl>o otuitor of tho section to the 
load lino is 3 inches. If tho maximum allowablo unit stniss is 10,000 |)ouii<ls 
per square inch, vrhat is tho safe load? Arts. 0,400 lamruis. 

193. Hook of Trapezoidal Section. — Hooks arc frequently 
made of trapezoidal section with tho larger base toward the center 
of curvature. In the actual hooks the corners are rounded as in 
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Fig. 218. Sueli a liook may be caknilaiecl an if it wore tlia full 
tmpe^cuclal Haction arid tlia bonding nirmn in tho actual hook may 
then bo eornputod by multiplying tho Htn^nn abtaino<l from tho 
full tra|>07.oici by tlio ratio of tho monuuit of inoHia of the full 
trapezoid to tho inoinont of inerl.ia of t.ho actual «cctkm. Thin 
moniont of inertia may bo (uihnilafod with renpeot to tho center 
of gravity or with ronpoct to the neutral axin of tho full section. 



i n 

Via. 218 . iraokf*!. 


Bxumpli 

A hook of trapcjsoidal Hcotion in 2 iaolu'H wide at the eouc.ave mirfacc, 
I innh wide at the ctirivt^x mirfact^ tuid 4 deep hetween thcac mirface?« 

at the aoctioa inoMt remote from the line of tho haul. Tho inner radiim for 
thinMootion ih 4 iricIu^H and tho lino of tho load in 2 IuoIm^h from tho ooaoavo 
aurfiu*c. FintI tho unit Mtrtw in tlio oxtmiuo filiera when tho load in 8,001) 
poiuulH. 

Tci find tho bonding wtriw; 

Hi 4 inrht'H, H% 8 inolioH, "('/ 12 inohoa, m 

24 

Hi^ " ^ *l I T8 m.fiDH inohc^H. 

(4 ri.fi58)M l.nUHM 

* ‘ 4(:i7.:.i3a -« i()rj.n4H+' oo.mHp 5,270 

The conifer a! gravity w \% inahoa fmm the oonoavo iurfaco »o that tho 
momont arm in li14 inohow, 

A't 0.2952 X H,n 0 () X IM 8 , 1)20 Ih./mJ 

.S’, ** Ui,*253 Ih./in.* 

Problem 

8<ilv(» tlin i*xni»ij)In iihdvti t<ir tli<t unit Kt.rtiHw in tho oxtrome outer fiber*. 

194. Variation of Dimensions and Curvature of Hooks. — In a 

hook or curved rod aubjected to tension or compression parallel 
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to its length, the sections most remote from the line of the load 
must have the greatest section. Since the unit stress at the con- 
cave surface is made smaller by increasing the radius of curvature 
it is desirable to make the radius of the more remote sections as 
great as practicable. In Fig. 219 the section at A has the inner 
radius OA while the section at B has the smaller radius CjB, and 
the section at E, where the moment is small, has a still smaller 
radius. 



The same principles may be applied to the design of a hook, 
but the increased length needed when the larger radius is used 
may require more material than would be necessary with the 
smaller radius and larger section. 

In Fig. 218, 1, the section CD is subjected to. considerable shear- 
ing stress which must be taken into account in designing the 
section. The section FF is subjected, not only to shear, but also 
to a concentrated compressive stress for which due allowance 
must be made in the design. 


CHAPTER XIX 


CENTER OF GRAVITY 

195. Center of Gravity. — When each of the particles which 
compose a body or system of bodies is subjected to a force which 
is proportional in magnitude to the mass of the particle and 
parallel to the similar forces in every other particle, the line of 
application of the resultant of these forces passes through the 
center of gravity of the body or system. 

The location of the center of gravity is determined from the 
intersection of two such resultants. 

Pig. 220 represents three particles of 
relative masses 2, 3 and 4, united by 
weightless rods to form a single body. 

In Fig. 220, I, these particles are sub- 
jected to forces directed vertically down- 
ward. The resultant of these forces is a 
force of 9 units along the line CD. The 
center of gravity is located at some 
point on this line. In Fig. 220, II, the 
forces are horizontal, and their resultant 
is a horizontal force of 9 units along the 
line EF. The point 0 at the intersection partfcle°s^ 

of EF with CD is the center of gravity. 

The center of gravity is also called the center of mass. 

196. Determination of the Center of Gravity by Balancing. — 
The force with which the earth attracts the particles of a body is 
proportional* to the mass of each particle. These forces are 
directed toward the center of the earth, so that for bodies of 
ordinary dimensions they may be regarded as parallel, within the 
limits of accuracy of our measurement. The resultant force of 
gravity on any body passes through the center of gravity. A 
body may be held in equilibrium by a single force provided that 

* There is a difference in the attraction of the earth due to difference in 
the distance of the various particles from the center of the earth amounting 
to about 1 part in 10 million for a difference of 1 foot. This is negligible 
for ordinary bodies. It would not be negligible in the case of a mountain. 
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force is along the line of the resultant of all the other foreen. 
When a body is supported by a flexible cord or by a point about 
which it is free to turn without friction, the center of gravity 
must be on the vertical line through the i)oint of application of tfie 
cord or point (provided, of course, no forces are acting exc^ept 
gravity and the cord or point). 

Mg. 221 shows that same body as Mg. 220. In 1%. 221, 1, it is 
supported at C by a cord. A plumb line 
let fall from 0 passes through the center of 
gravity. In Fig. 221, 11, it is supported on 
a point or knife-edge at i?, and turns under 
the action of gravity until its center of 
gravity comes directly below the point of 
support. The intersection of the plumb 
line from E with the litio CD (previously 
marked in any convenient way) gives the 
center of gravity 0. 

This method of finding the location of the 
center of gravity is of little practical use, 
owing to the fact that the point to be found 
is usually surrounded by solid material, 
making it necessary to fiml the intersection 
of three planes instead of the intersection 
of two lines. It is useful in relatively long bodies, especially if 
there are some plane surfaces to use as planes of reference. Fig. 
222 represents a beam balanced on a knife-edge. The center of 
gravity is in the vertical plane of the knife~(Mlg< 5 . 

197. Center of Gravity by Moments. 

—In theoretical discussions the center 
Df gravity is usually located by moments. 

The plane of application of the result- 
ant of any set of forces may l)e deter- 
mined by dividing the sum of the Tooments with respect to any 
axis by the resultant force. 



Fig. 221.— Location of 
center of gravity. 


Fig. 


22. < UmU\r of gravity 

by balancing. 


Example 

Four masses are attached to a straiglit rod. These are: 10 pounds at 
the left end, 20 pounds at 7 feet, 8 pounds at 10 feet, and 12 poundi at 14 
feet from the left end. The rod weighs 4 pounds and its center of gravity ii 
8 feet from the left end. Find the center of gravity of the rod and bodies 
combined. 
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Taking inotiKsnlM about an axia through the loft orxl perpendicular to the 
length of the rod, and arranging the work in a convenient form • 


MniS 

Moment tti'rn 

Moment 

1(1 

0 

0 

20 

7 

140 

4 

H 

32 

H 

10 

BO 

12 

14 

1(^8 

00 iHiuntlH. 


420 foot-poiUKk. 


Dividing 420 by 00 given 7 feet an the dintanee of the center of gravity from 
the left end. 

198. Center of Gravity of Bodies in a Straight Line.—The 
example of tho preciocling article is an illustration of the process of 
finding tho center of gravity of a number of particles which lie 
on a straight lino, or of a number of bodies, tho center of gravity 
of each of which is in a straight lino. If mi, m*, ma are tho massos 
of tho bodies, and Xi, xt, x$ are the distances of their respective 
centers of gravity from some point in their line, 

mi*! "f nhZ'j + mjXa 
nil (- wts + nin 

whore f is the distance of tho center of gravity of tho combination 
from tho point taken as the origin. 

Problems 

1. The following tnaMtcH arc in a straight linn: H pounds at 3 feet, 12 

pounds at (1 foot, 0 pounds at Ifl foot, 11 pounds at 12 feet. Using an axis 
through 0 foot ns tho origin, find tho oontor of gravity, tlhock by using an 
axis through 5 foot. Arrange work os in the example of tho preceding 
article. Am, x •• 7.05 feet. 

2. Find the oontor of gravity of 40 pountls at 5 foot, AH pounds at 12 foot, 
and 06 pounds at 17 foot. Ghock tho nwult. 

A uniform rod or bar has its center of gravity at tho middle of 
its length. In finding tho moment of a uniform bar with resiiect 
to an axis which does not go through tho ond, consider tho entire 
bar as a single body and do not divide it into two portions at tho 
axis. For instance, it is retiuirtMl to fiml the moment of a uni- 
form bar 12 feet long and weighing 8 pounds per foot with respect 
to an axis which cuts tho bar 4 feet from tho loft ond. Tho entire 
bar weighs 96 pounds and tho moment arm is 2 feet, making the 
moment 192 foot-pounds. If the portions are taken separately, 
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the portion to the right of the origin of moments weighs 64 pounds 
and has a moment arm of 4 feet making a clockwise moment of 
256 foot-pounds, while the portion to the left of the origin weighs 
32 pounds and has a moment arm of 2 feet making a counter- 
clockwise moment of 64 foot-pounds. The total moment is 
256 — 64 = 192 foot-pounds clockwise. It is evident, therefore, 
that the first method, whereby the entire bar is considered as a 
unit, is preferable. 

Problem 

3. A uniform bar weighing 20 pounds per foot is 12 feet long and carries 
a mass of 60 pounds 3 feet from the left end and a mass of 150 pounds at the 
right end. Find the center of gravity of the combination, and check the 
result. 

199. Center of Gravity of Bodies in a Plane. — When it is 
desired to find the center of gravity of a number of bodies which 



Fig. 223. — Center of gravity by moments. 

lie in a plane, it is necessary to find the moments with respect to 
two axes. Fig. 223 represents four bodies of masses mi, m 2 , m 3 , 
and m 4 in the plane of the paper. If a point in ABy Fig. 223, I, 
be taken as the origin and the forces of gravity on the masses 
have the direction of the arrows, the moment arms of these 
forces are xi, X 2 , xz, and and the equation of the preceding 
article gives '35- To find the other coordinate of the center of 
gravity, the system may be rotated 90 degrees to the position of 
Fig. 223, II. Instead of rotating the system of bodies, it is 
better to regard the direction of the forces as rotated, as shown by 
Fig. 223, III. If then, any point in CD be taken as the origin, 
the moment arms are yi, y 2 , Vz, and and 
- ^ miyi + m2y2 + ra^yz + 

^ mi + m2 + m3 + m 4 

In each of these cases the axis of moments is regarded as being 
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perpendicular to the plane of tlie paper. Instead of this, the 
axes may bo regarded as parallel to the plane of the paper and 
the forces normal thereto. In Fig. 223, 1, the Urn AH in the planer 
of the paper may be taken as the axis of moments. The lengths 
of the moment arms are not changed when this is dona. In fact, 
to get Xj any axis may l)o taken provided it lies in a plane perpen- 
dicular to etc. In finding the center of gravity, it is cus- 

tomary to speak of moments with reBj)e(it to a plana. To find 
one codrdinato of a center of gravity, multij>ly each mass by tha 
distance of its center of gravity from some plane of reference. 
Tha sum of these moments divided by the sum of the masses 
gives the reciuired distance. 


Problem® 

1. A body in (!oniip<^^*’‘l cf thrcc! |)articl<is in th(4 same plane 

MawH a; y 

a r> 7 

2 4 8 

n a a 

Find X and |/. 

« a X a 'f 2 X 4 + r> x a an ^ 

^ :t + 2 + r, ' “ 10 “ ’*■«' 

a X 7 - 21 
2X8^^ m 

f) x a ^ ao 

l()£ « 07 

i « 0.7 

The Htscend form of icluticm is preferable, especially when the mimbem are 
large. It is still b«itter to arrange the data and results in a single table omit- 
ting tlus multiplieatien and equfdity signs, 

2. Find tha coordinates of the center of gravity of 


Mass X y 

12 4 3 

10 -3 4 

8 a 7 


mx fny 


X m 1.4 

y « ? 

S. Balve Problem 2 taking moments with respect to the planes x • 2, 
ami y «» a. 


200. Center of Gravity of a Plane Area. — In Strength of Mate- 
rials the so-called center of gravity of a plane area is an important 
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factor. A plane area may bo regarded as a plate of uniform thick- 
ness and density. In calculating the moment of such an area 
it is customary to regard the mass per unit area as unity. 

The center of gravity of a few plane areas may he determined 
geometrically. If the area has a line of sytnmotry, the center of 
gravity lies in this line. If it has two linos of symmetry the cen- 
ter of gravity is at their intersection. The center of gravity of 
a circle is at the center. The center of gravity of the rectangU* 
of P'ig. 224 is at the intersection of the lino of symmetry A B mid- 
way between the ends, with the line of symmetry CD midway 
between tlio sides. 

A triangle, Fig. 225, may l)c regarded jia made up of an indefi- 
nite number of infinitesimal rectangles such as AB. The center 
of gravity of eacdi rectangle is at the middle of its length so that 
it is evident that the center of gravity of a triangle lies in the 



Fi(i. 224. - (boater of gravity of I-'io. 226.--~C(!nte)r of gravity 
rtidtiinglo. of triangle. 

median lino CD. In like manner it may bo shown that the center 
of gravity lies in one of the other medians EF or OIL It must, 
therefore, lie at the intersection of the medians. It wits proven 
in Geometry that two medians are trisected at their intersection. 
The lino 00 is otie-third of Oil. If h is the altitmle of the triangle 
measured perpendicular to the luiso, the peri)en(lieu]ar distance 

ON, from the center of gravity to the base, is 

The center of gravity of a parallelogram lies at the intersection 
of two linos parallel to the sides and midway between them. 

Many important figures are made up of combinations of tri- 
angles, parallelograms, and circles. 

Example 

Find the distance of the oontor of gravity of a O-inoh by 5-inoh by I-inoh 
angle section from the back of the legs. 
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The aoctiou may ba divided iuio a 4-inah by 1-iach nattangki, aatl a (biiudi 
by l»iu<ih ractanglo (Fig, 22(1), Taking nininanta with ranpact to tlia fiKiM 


T at the back of the fwnch leg, 



4 X 

O.f) 

«> 

G X 

a.o 

IK 

lOu; 


20 

X 


2 inches 

Problemi 


1. In the CKample al)ov<i find |/. 


An«. y 1.5 inches. 


2. Bolva Problem I by dividing the M(*etion into two B-ineh by Idncli 
roctanglc^H. 


3. Find the dintanco from the low(^r bam^ of thi^ eenti'r of gravity of the 
trapezoid, lower baHo 10 inelu^H, iippin' bane G imilioH, htaght 12 inelu‘H. 

4. Bolve Probhan 0 by dividing ilw trapezoid into two trianglen m nhown 
in Fig, 227, IL 


To 

I 

4 a' »i 


% I 



Flo. 22(1“ Center of gravity of 
angle neetion. 



It is aoniotiiuos convenietiit to eonsidor a given area as the dif- 
ferentte between two area^. The angle nection of Fig. 22d may 
be resgarded as a O-inch by 54neli rcKttangks from whieJi a fMiudi 
by 4-inch ro(5tangle has bc^en subtracsted. 


A r*»n 

Arm 

Mutm'tifc 

W 

a 

90 

- 20 

a.5 

- 70 

U)x 


20 

X 

Problems 

2 


3. Solve Problem 3 l)y regarding the trapezoid as the differesnee iK^tween a 
lOdnoh by 12-inoh parallelogram and a triangle with a 4-ineh base. 

6* A rectangular board 20 inelies long and IS inches wide has a elreular 
hole, 8 inchci in diameter, cut out. The center of the hole is 5 inches from 


348 


STRENGTH OF MATERIALS 


[Abt. 201 



the left end and 6 inches from the lower edge. Find the center of gravity of 
the remainder. Check by means of axes through the center of the hole. 

"x = 10.81 inches from the left end. 

7. A 12-inch circular board has an 8-inch hole with its center 1 inch from 
the center of the board. Find the distance of the center of gravity from the 
center of the board. Do not multiply by tt to find the actual area of either 
circle. 

8 . Fig. 228 represents a standard 10-inch 15-pound channel section. 
Find the distance of the center of gravity of the section from the back of the 
web, and compare with handbook. 

9. Look up dimensions of a 12-inch 30-pound channel and calculate the 
area and the location of the center of gravity. 



Fig. 228. — ^A channel section. Fig. 229. — Plate and channel 

section. 


10. A section is made of two 12-inch 25-pound channels and one 14-inch 
by M-inch plate. Look up area of channels in handbook and compute the 
distance of the center of gravity of the section from the common surface of 
the plate and chaxmels. 


201. Center of Gravity of Area by Integration. — In the pre- 
ceding article, centers of gravity have been found by dividing the 
area into a finite number of parts of each of which the area and 
location of its center of gravity is known. When the boundary 
of the area is such that it cannot be divided accurately into paral- 
lelograms, triangles, or circles, it is necessary to integrate to obtain 
exact results. Fig. 230 represents several areas. If x' be the 
distance from the plane with respect to which moments are taken 


to the center of gravity of an element of area dA, the moment of 
that element is x^dA and the moment of the entire area is jx'dA. 
The total area is J*c?A, so that 

- _ L'dA _ L'dA_ f,. 


y _ fy'dA 
" A ■ 


( 2 ) 
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lu Fig. 230, I, a:' in tins Htutio iis tlio a; of Iho curvo at tho intor- 
Hection of tlio element of area; but \f Ih one-half of the j/ of this 
point. (If the eleitiont of area bo regarded as of coiisiderablo 

bkX* 

width Ax, then x' - x + 2 ^ linuting value of thin, as 

Ax appnaudies 0 an a limit, becomeB x. See Procmlinga of the 
Society for the Promotion of Engineering Education^ %Turu^, 191(5, 
for another explanation of these principkm.) 



I 




Fuj. 230.' -KltuiuniiH of urt'ii. 


In Fig. 230, II, tlio element of area in liorisjontal and y' is equal 

to j/. On the other hand, x' x + ^ In Fig. 

230, III, which is intended for double integration, x' ^ x andy' ^y. 
In Fig. 230, IV, tlie element of area is rdOdr^ x' « r cos 0, and 
y' » r sin 0, 



Fm. 23L— Center of gravity of triangle. 


Problem 

I. Find the cseiikir of gravity of a triangular aroii, of ba«o b and altitude h 
by integration. Wo will take tho origin at the vortex C and no piano the 
hanci MI) of longili b that it ihall bo parallel to the F axis. The olomont of 
area ii a «tnp of width dx* From similar triangles, the length of this strip 

FF^ IS ^ • 


dA - ^dx; 




'a 

2 " 


h 

ft 

h 

0 


hh^ 

‘3“ 

bh 

'2 
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We recognize the denominator of the last term of (3) as the area of the tri- 
angle, which shows that our increment of area was taken correctly and the 
proper limits were used. 

2. Find the distance from the F axis of the center of gravity of the plane 
area bounded by the X axis, the parabola = 4 a;, and the ordinate re = 9 
(Fig. 232, L). 

The element of area is ydx, and the moment arm is x of the curve 

( 1 ) 




Fig. 232. — Center of gravity of area bounded by a parabola. 


Since there are two variables in the integrals of (1), we must eliminate one 
of these by substituting its value in terms of the other from the equation of 
the curve. Solve first by eliminating y and integrating between the proper 
limits for x; then solve by eliminating x and dx and integrating between the 
proper limits for y. Compare results. The result should be greater than 
one-half of 9 and should be less than 6. Why? 

3 . Solve Problem 2 for y, using the horizontal element of area of Fig. 
232, II. The result should be greater than 2 and less than 3. Why? 

4 . Solve Problem 3 for y, using the vertical element of area of Fig. 232, I. 

6. Solve Problem 2 for x, using the horizontal element of area of Fig. 

232, II. 

6. Solve Problem 2 for x by double integration, integrating first with 
respect to y. After putting in the limits for y compare the result of this 
first integration with the first step of Problem 2 (Fig. 232, III). 

7 . Solve Problem 2 by double integration, integrating x first. Compare 
with Problem 5 (Fig. 232, IV). 
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Table XXIII gives the area, the location of the center of gravity, 
and the moment with respect to a plane through the loft end, for 
some plane figures. The first two of theH(j are of especial impor- 
tance in finding the deflection of a l)cam by the method of Area 
Moments, and the others are aomctim<^s tised for this purpose. 

[ [iWAIKInI AlllA I Jlf. I 41 1 I 



U ~ hx aj tn 


y 


a ' i ■ i ‘ 


a] 


2 / - *1 Wl li* j »» 1/1 




'8 f, * 5 


Fit}. 2'V,L -(/(inttir of gravity of mnuo piano ftgufoH. 

Problemi 

8. Vorify tho valuog of Tablo XKllL 

8* Find tho mormniit with ronpoct to tho Y axia of tlio arcut onolo« 0 (l by tho 
A" axis, tho lino y hx>, and tho ordinates c and x (L Bolvo by moans 
of tho Tablo XX III and chock by dividing tJio ar<^a into a triangle and a 


roctangkn 


Am, Mm 


//(# -- c^). 


10. Find I of tlio area laaindf^d by tho Y axis, tho lino y m ci, tlici hypevr- 
bola xy " 12, tlio linc^ x 12, and tho X axis, using a vortical strip as tho 
inorornont of an*a. 

12+/«,^ 12+12/i „ + 


Am, X 


12 + fydx 12 + fjdx F2 + 12[log ali* ~ 
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11. Find i of a 00-dcgreo sector of a circle of radius a with the K axis as 
one of the bounding lines (Fig. 234). Bolva by polar coordinates, Integrating 
first with respect to r. (The order of integrrition is innnattjrial in this eaio, 
as the limits of one variable are independent of the other variable. Where 
this is not tho case, integrato first with respect to r.) 

Am. 0.551 a. 

V 

12. Using the value of i from Problem 11, find y without integrating. 

Am, t m 

IS, Solve I^roblem 11 for J if the sector is so 
placed that tho X axis bisects it, Compare with 
results of tho preceding problems. 

14. Find the center of gravity of segment of a 
circle of radius 10 bounded on one side by a 
straight lino at a distance 5 from tho center of the 

Fig. 234 . Contor Solve by rectangular (coordinates, using 

of gravity of a sector strips parallel to tlm Ixmmlary line m inoremcmts 
of a circle. of area. Am. x « 7.05. 

Using only tho half abov(! tlu’i X axis and cmlling 

tho radius a: 




f (a» - x^)^-xdx 
— a‘J' Hin* Stiff 





I U 

Fiq. 235.— Contor of gravity of n sogmcnt of a circle. 


.V. 

3 _ __ ^ K 

rr_ Va" 

[2 4 J; « [o 8 _ 





Chai-. XIXI (UiNTKH. OF (IHAVJTY 

Tho in(l(ip(>ii<Uuili varialilo iw (•.IiiuikihI in I'im <li!nomiiiHU)r ami might alao bo 
changwl in tlio nunuiraior. Why in thn upix-r limit ifi tlio (IctmminaUir 0 

and not^? Explain th(' g(X)m(!tri<! im'aniiig of oaoh tonn in Ihn donominator. 

16. Holvti I’roblotti 14 , by doublo inb^gridion with polar (tobrdiiiatoa (Fig. 
2:t6, II). 

16. Find tho wntor of gravity of a Hcinioirc.ular aroa of raditiH u. 

.•1n«. 2 ^ “ 0.4244 «. 

•iTT 

202. Center of Gravity by Experiment.- -Scc.(.io«H of matoriale 
subjected to 1 tending are fretiuontly of such form that it is difFi- 
cult to express tho boundaries in mathematical symbols. In that 
case, tho center of gravity may be found by tmtting the sootion 
out of cardboard or sheet mettd and Italuneing on a knife-edge. 
Where consitlorable aeeurac.y is desired, especially when tho sec- 
tion is small, it is beat to cut out a abort portion of tho beam 
between two transverse planes and locate its center of gravity by 
balancing on the beatn of a <lolicato balance. 

Fig. 236, 1, represents a body on a beam balanced by the poise 



in the position shown. If the body is then turned end for end on 
tho beam with tho edge 0 not changed, so tis to come into the 
position shown by tho dotted lines, the center of gravity is moved 
a distance OXF, which is twice its distance from 0. To get 
a balance, the poise P must be moved to the dotted position P'. 
If tho mass of tho body is known in terms of tho poise, the dis- 
tance GXF may easily be calculated. Instead of rotating about 
tho end 0, any vertical line may bo used as the line of reference 
whoso position on tho l)eam is not changed. 

Problem 

1. A body weighing 4.60 pounds is balancitd on a swilo beam. When 
turned about a vortical lino through the end nearont tho knife-edge, the ap- 
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parent ohango in weight in 0.r»7C pnutul. TIk' (lintaiiett frttin ttie central 
knifc-oclgo to the end knifts-edgcH ia 10 inchca? I tow fur ia tint (tenter of 
gravity from the line about whi(di it turned? d»». 0.04 inch. 

TIio method just given requires thtit wo know the woiglit of 
the poise and the value in iiudies of iti division on the scale, or 
that wo know the distance from tlie central knife-edge to th<( 
knife-edge upon which 1 pound weighs 1 pound. Another 
method is that shown by Fig. 23(1, II. The body is pla(;ed on 
the beam as before and moved till equilibrium is ststutred with 
some convenient weight on the opposite end. It is tlnm ttirned 
end for end and moved along the scale boiun until the same 
bal&nce is secured, with tdl other weights unchanged. The 
center of gravity is now in the same position which it occupied 
before turning. If the position of any point such aa A is noted 
before turning and again after turning, the difference of tlieso 
two positions is twice the horizontal distance of A from the 
center of gravity. This may bo done with great acuniracy on 
the beam of a platform scale by clamping to the beam a small 
steel scale for determination of the displatiomont of the points 
as shown in the figure. 

Problem 

2. A body is balanced on a scabi Ixuun. When timuHl around and again 
balanced, it is found that the point originally at the left (*nd ih diaplaced 
3.32 inches. How far is the center of gravity from this end? 

Am, l.(l(i tnehea. 


CHAPTER XX 


MOMENT OF INERTIA 

203. Definition. — The moment of inertia of a body with 
respect to an axis is the sum of the products obtained by multi- 
plying the mass of each particle of the body by the square of its 
distance from the axis. If m is the mass of any particle, and r 
is its distance from the axis, 

I = 2mr2. 

For a continuous body, the definition expressed mathematic- 
ally is 

I = J rHM, Formula XXXIII 

where I is the moment of inertia and dM is any element of mass 




Fig. 237. — Element of volume. Fig. 238. — Moment of inertia of 

parallelepiped. 

(finite or infinitesimal), all parts of which are at a distance r from 
the axis. 

In Fig. 237, the Z axis is taken as the axis of inertia for the 
solid. The element RJS' extending entirely through the body 
parallel to the Z axis is the element of mass of Formula XXXIII. 
The element of mass might have the form of a hollow cylinder of 
radius r, and thickness dr. It could, of course, be of infinitesimal 
dimensions in three directions, in which case the volume would 
be represented by dx dy dz in rectangular coordinates^ by r dB dr dz 
in cylindrical or mixed coordinates^ and by r^ sin 6 dB dcl> dr in 
spherical coordinates (with the Z axis as the axis of the sphere 
from which B is measured). When taking moment of inertia 
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with respect to the Z axis the values of of Formula XXXIII in 
terms of the coordinates of the element are : 

^2 y 2 fQp rectangular coordinates, 
for cylindrical coordinates, 
sin^ 6 for spherical coordinates. 

The element BB' of Fig. 237 may be regarded as an example 
of rectangular coordinates after integration with respect to Z, 
If its cross-section were of the form of an element of area in polar 
coordinates it would be an. example of the cylindrical element 
of volume after one integration. A second integration of this 
element of volume with respect to *0 would give the hollow cylin- 
der of thickness dr. 

Problems 

1. Find the moment of inertia of a rectangular parallelepiped of width h, 
height dj and length Z, with respect to an edge parallel to its length (Fig. 

238) by double integration. Am. I = ^ (Jb^ -h d*), 

where p is the mass per unit volume and M is the total mass. 




Fig. 239. — Moment " of Fig. 240. — Moment of inertia of a cone, 

inertia of cylinder. 

2. Find / of a homogeneous solid cylinder of length I and radius a with 
respect to the axis of revolution (00', Fig. 239), Ana. I = == 

This is a case of cylindrical coordinates. * The element of volume for 
double integration has a length I and a cross-section r dd dr. Integrating 
first with respect to r gives a wedge-shaped element between the planes whose 
traces on the front are the dotted lines OE and OF. The second integration 
builds up the cylinder of a series of such wedges. 

If Q be integrated first between the limits 0 and 2 tt, we get a hollow 
cylinder of radius r and thickness dr. The volume of this hollow cylinder is 
2rrl dr, and its moment of inertia with respect to the axis 00' is 2 irplr^ dr, 
which might have been obtained directly without integrating. 
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3 . Find the moment of inertia of a right cone of h<ught h and raduiH of 
base a with respect to the axis of revolution, by single inU'gnilioii imitig 
a hollow cylinder as the element of volume. 

X of / r-ix ■KfRi^h 

J dr 10 

4. Find the moment of inertia of a homogcncoviB Bolicl of radiuH a 

with respect to a diameter by double integration. XTho hh the? vlmxvni of 
volume a ring of radius r and cross-section drdz and inU^gnitc firni with 
respect to z. Am. I H MaK 

6. Solve Problem 4, integrating first with, rospoot to r, Hhow that thin 
is the same as a single integration using a disk or nhort <5ylind(*r of length 
dx as the element of volume, and applying tho resnltB df l^rol»h*iu 2. 

6. Solve Problem 3 by a single integration building coius of flat dinks 
parallel to the base, the moment of inertia of each disk being from Problem 

2, where r is measured from the axis to the Burfa(u% 

204. Radius of Gyration. — The radius of gyration may ho de- 
fined algebraically by the equations : 

( 1 ) 

. 1, (li) 

where k is the radius of gyration. 

The radius of gyration is the distance from tho axis at whiefi 
the entire mass could be concentrated and leave tlio moinont of 
inertia unchanged. In the case of a hoxnogonoouB solid cylinder 
with respect to the axis of revolution, 

. Ma^ 


7 « ^ 


0.7071 a. 


If the entire mass of a solid cylinder of radiiia a wore condonRod 
into a hollow cylinder of radius 0.707 a and negligihlo thickntiHH, 
or into a single filament at a distance of 0.707 a from the axis, 
the moment of inertia in each case would bo tho Btimo as that of 
the solid cylinder. 

Problems 

1. Find the square of the radius of gyration of a liotnogonnoiis stilid 

cylinder of 10 inches radius. 50^ 

2. Find the radius of gyration of a parallelopiped of breadth 8 inchcM and 

depth 10 inches with respect to an axis parallel to thii h-ngtii along one 
edge. An». k *. 7.3t> iiu'h««. 
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8. A solid oyliudcr of 8 inohos radius aiul welg;iuug (K) is c*<ia)cial 

with a second solid cylindejr of 10 inclu*s radius and weighing 40 pounds. 
Find the radius of gyration of the two cylinders with resptHrt iu tlu^r cotunH»n 
axis. Am, k » 0.20 incht^s. 

4. Find the radius of gyration of a htuuogem^ous hollow cylhuhu’ of out- 
side radius a and inside radius h with re^spect to the axis of revolution. 


Am. k 


4 


a» + 


5. By integration, find the moment of inertia of a homtigennoiiH Holiil 
cylinder with rospeet to an element of the eiirved mirface an an axin [dV, 
Pig. 239). Am. / « Afa*. 

206. Transfer of Axis. — When it is necessary to find the mo- 
ment of inertia with respect to some axis for which tlie etiuation 
of the solid is complicated, the integration becomes laborious. 
Usually it is best to first find the moment of inertia with respect 



to an axis giving the simplest expression for the equation of the 
solid and then transfer to the now axis. If CC' is an axis passing 
through the center of gravity of a solid and 00' is a parallel axi$ 
at a distance d from it, we will prove that 

I ~ h + Md\ Formula XXXIV 
where I is the moment of inertia with respect to 00' and Jo is the 
moment of inertia with respect to CC'. 

Let BB' (Fig. 241) be an element of mass parallel to the axes. 
Its ooSrdinatos with respect to the axis CC' are (», y). let the 
coordinates of the center of gravity with respect to the axis 00' 
be (a, b) so that d = -v/a* -f- With respect to 00' the value 
of r* in the expression 

/ = / rHM 

is ’ 7*^ wa (a + +(6 4- 
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With respect to 00’ the expression for the moment of inertia is 

7 = J'(a^ + 2 aa: + a:* + 6 * + 2 61 / + 2 /*) ^M. ( 1 ) 

7 = / (a;2 + 2/')dil7+ (a"+ 6 “)/ dM-^2a f xdM + 2b f ydM (2) 


We recognize the first term of the second member of (2) as the 
moment of inertia with respect to CC\ The second term is 
(a^ + 6^) Mj which is 

The third term, 2 a J* xdM^ is zero; xdM being the moment of 
dM with respect to a vertical plane through CC', and the sum of 
these moments is zero when the center of gravity falls in this 
vertical plane. 

Also 

"" ydM 

M ‘ 


/• 


When y is measured from the center of gravity y — 0 and 

J ydM 

= 0, consequently the last term of (2) is zero and equa- 
tion (2) becomes Formula XXXIV. 


Problems 


1. Find the moment of inertia of a homogeneous solid cylinder of mass 
M and radius a with respect to an axis in its surface parallel to the axis of 


the cylinder. 


Ans. I = 


SMa^ 


2. Find the moment of inertia of a homogeneous solid cylinder 8 inches 
in diameter with respect to an axis parallel to the axis of the cylinder and 
10 inches therefrom. Ans. I = 1,728 upl 5,429 pi. 


206. Moment of Inertia of a Plane Area. — The moment of 
inertia of a plane area may be defined mathematically by the 
expression 

7 = J r^dA. (1) 

It is equivalent to the moment of inertia of a thin plate of mass 
unity per unit area and of such small thickness that the square of 
the thickness is negligible compared with the square of the other 
dimensions. 

There are two important cases of the moment of inertia of a 
plane area; in the first case the axis lies in the plane of the area; in 
the second case the axis is normal to the plane. 

The moment of inertia of a plane area with respect to an axis in 
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its plane is an important constant in all problems concerning the 
strength or deflection of beams or columns. This moment of 
inertia is represented by the letter /. 

The moment of inertia of a plane area with respect to an axis 
perpendicular to its plane is called the polar moment of inertia. 
The polar moment of inertia is an important factor in all prob- 
lems concerning the strength of shafting in torsion and the 
amount of twist of such shafts. It is represented by the letter J. 

The polar moment of inertia of a plane area is equivalent to the 
moment of inertia of a solid plate of the same dimensions and of 
such thickness that the product of the thickness and density is 
unity. The radius of gyration of a plane area is given by: 


*2 = 1 , 

A 

(2) 

= 4 ’ 

A 

(3) 


which are the same as in the case of solids with the area used in- 
stead of the mass. 

Formula XXXIV for the transfer of axes is modified in the same 
way, 

I^U + Ad\ (4) 


Problems 

1. By integration find the moment of inertia of a rectangle of breadth h 

bd^ 

and depth d with respect to the side h. Ans. I — -g-* 

2. By transfer of axis find the moment of inertia of a rectangle of sides 
b and d with respect to an axis in the plane of the area parallel to h and 

hd^ 


passing through the center of the rectangle. 


Ans. I = 


12 


3 . Find the moment of inertia and radius of gyration of a 6-inch by 10- 

inch rectangle with respect to an axis 2 inches outside the rectangle and 
parallel to a 6-inch edge. Solve by means of the answer to Problem 2 and 
transfer of axis. Check by the answer to Problem 1, subtracting the moment 
of inertia of a 6-inch by 2-inch rectangle from that of a 6-inch by 12-inch 
rectangle. Ans. I = 3,440 inches.^ 

4 . By integration with polar coordinates find the expression for the 
moment of inertia of a circular area of radius a with respect to a diameter. 

Ans. I - 

4 

The answers to Problems 1, 2, and 4 should be memorized. 

6 . Find the radius of gyration of a circular area of radius a with respect 


to a diameter. 


Jl725. 
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6. Find the polar moment of inertia of a circle of radius a with respect 

to an axis through its center. Show that the radius of gyration is the same 
as that of a solid cylinder of the same radius. Find the relation between 
the polar moment of inertia and the moment of inertia of the same circle 
with respect to a diameter. Ans, J = 2/. 

7. Find the moment of inertia of a triangle of base h and altitude h with 

respect to an axis through the vertex parallel to the base. Solve by integra- 
tion. . r hh^ 

Ans. I = -J-* 

8. By transfer of axis find the moment of inertia of the triangle of Problem 
7 with respect to an axis through the center of gravity parallel to the base. 

Ans. To = 



9. By transfer of axis find the moment of inertia of a triangle of base b 


and altitude h with respect to the base. 


Ans. I = 


W 
12 * 

10. Find the moment of inertia of the trapezoid of lower base 16 inches, 
upper base 10 inches and height 6 inches with respect to the lower base. 
Solve by dividing the trapezoid into a parallelogram, and a triangle and use 
the answers to Problems 1 and 9. 

11. Find the moment of inertia of the trapezoid of Problem 10 with respect 
to an axis through the center of gravity parallel to the base. 

12. Find the moment of inertia of a 6-inch by 4-inch by 1-inch angle 
section with respect to an axis through the center of gravity parallel to the 
4-inch leg. 

Divide the section into two rectangles. Find the moment of inertia of 
each rectangle with respect to a line through Us center of gravity parallel to 
the 4-inch leg and transfer to the required axis. Dividing the section into a 
6-inch by 1-inch and a 1-inch by 3-inch rectangle, Fig. 242, 


3X1° 

12 


+ 3 


(“)’-» 


6 

7 

12 ' 


Jo for axis 2-2 = 30 j = 30.75 inches,^ 
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'I'ho problotn may also lio solved by fiixlinK the motiumt. of reelarinles 
with roHpeot to one axis and tins transh^rrinK to the oenter of gravity of the 
ontiro stmtion. The axis :J“3 at the back of llie 4-iiieh leg is a eotinnon 
base for both rectangles. 


I 


3X1* , IX II* 

3 a 


7a, 


h 



7a 


42.25 


a«.7fi mvhm.* 


13« Solve Problem X2 by the hint methotl, ftrwt f'mtliog the momt^nt of 
inertia with respect to the right (ulge of the 4-ioeh leg fw iin itxin ami thiin 
transferring to the center of gravity. 

14. Solve Problem 12 for the moment of inertia with rcii|>i!ct in an axii 
through the center of gravity parallel to the CWnch leg. (tornpiire the 
results with the handbook. 

15. A '*platc-and-anglo column’’ (ace hatullHmk) is rtuwle four 4-inch 
by 3-inch by 3^^-inch angles and one 12-inch l)y J^-inch plate. Tim angles 
are riveted to the plate, the back of the longcjr legs Ixnng }|-inch al)ove atul 
below the edges of the plate. Taking the moments of inertia and location of 
centers of gravity from handbook tables of angle sections, fhul the moment 
of inertia of the entire section witli respect to the two lines of symmetry. 

16. Look up formula for the moment of inertia of standard channel sec- 
tion with respect to axis through the center of gravity perp<5ndicular to the 
web. Derive this formula by means of the formulas for rectanglea and 
triangles. The slope of the flange of a standard channel lect ion is one-sixth. 

17. From the dimensions given in the handbook And the moment of inertia 
of a 15-inch 33-pound channel for axis through the cent^^r of gravity perpen- 
dicular to the web. 

18. A ^‘plate-and-channel column” is made of two 15-inch 40-|Kmnd 
channels placed 123 ^^ inches back to back (with toes out), and two 2Cl-tnch by 
^^-inc.h plates. Taking the moments of inertia of the cluumels from the 
table of tlie properties of channel sections, find the moment of inertia of the 
section with respect to an axis paralUd to the channel webs and midway 
betw(*en them and also with respect to an axis parallel to the platc» tlirough 
the centers of tlio channels. 

19. Find the moment of inertia of a 20-inch 65-pound standard I-beam 
with respect to the two axes of symmetry. Derive the formulas wed. 


207. Product of Inertia,“Th6 expression 


/ 


xy dA is called the 


product of inertia of the area. It is represented algebraically by 
the letter //. 

If an area is symmetrical with respect to either one of a pair 
of rectangular axes, its product of inertia with respect to that 
pair of axes is zero. Fig. 243 represents an area symmetrical 
with respect to the F axis. If we integrate first with respect to x, 


H 



x% dy. 
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If the area is symmetrical with respect to the Y axis, the lower 
limit Xi is numerically equal and opposite in sign to the upper 
limit rc 2 , and the squares are the same in magnitude and sign; 
consequently the term in the brackets vanishes and 

= 0 . 

When the product of inertia is known with respect to a pair 
of rectangular axes through the center of gravity of an area, it 
may be calculated for a second pair of parallel axes in the plane 


Y 




Fia. 243. — Symmetrical section. Fig. 244. — Transfer of axes for 

product of inertia. 

of the area by a formula similar to XXXIV for the transfer of 
moments of inertia. 

Let OX, OF, Fig. 244, be the original pair of axes through the 
center of gravity, and let (a:, y) be the coordinates of an element 
dA with reference to these axes. Let O'X', O'F' be a new pair of 
parallel axes. Let (a, h) be the coordinates of the center of 
gravity of the area with respect to the new axes. 

If H is the product of inertia with respect to the new axes, 

H = j{a + x)Q> + y)dA. (1) 

H = ah ^dA -{■ bj' xdA + ajy dA+jxydA. (2) 
+ 0 + 0 + Ho. (3) 

where Ho is the product of inertia with respect to the axes through 
the center of gravity. Equation (3) is easily remembered from 
Formula XXXIV, replacing the square by the product. 

If the center of gravity falls in the first or third quadrant with 
respect to the axes for which the product of inertia is desired, the 
product obA is positive, and H will be positive unless Ho is nega- 
tive and numerically greater than ah A. If the center of gravity 
falls in the second quadrant ah A is negative since a is negative; 
if it falls in the fourth quadrant ahA is negative because h is 
negative'. 
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Problems 


1. By integration find the product of inertia of a rectangle of base b and 
altitude d with respect to the lower and left edges as axes. Check by 

52^2 

equation (3). Ans, H — 

2. Solve Problem 1 for the lower and right edges as axes. 

Am. 

3 . By integration find the product of inertia of a 6-inch by 8-inch right- 
angled triangle with respect to the edges as axes (Fig. 245). 

Ans. = 96 inches.'* 

4 . By transfer of axes find the product of 
inertia of the triangle of Problem 3 with 
respect to the axes 1-1, 2-2 through the 
center of gravity. 

Ans. Ho = — 128 = — 32 inches.'* 

6. Find the product of inertia of a 6- 
inch by 5-inch by 1-inch angle section 
with respect to axes through the center of 
gravity parallel to the legs. The section 
may be divided into two rectangles. The 
product of inertia of each of these with 
respect to the axes through their center of gravity is zero. Transferring 
to the axes 1-1, 2-2 and adding 

Ho = 4 X ( ~ 1.5) X1.5 + 0-b6XlX(~l)+0=~9-6 = -15 

inches.* 



Fig. 245. — Product of inertia 
of a right triangle. 



The problem may be solved more readily in another way. For the axes 
3-3, 4-4 H ~ Oj since 3-3 is an axis of symmetry for one leg and 4- 4 is an 
axis of symmetry for the other. Applying equation (3), 

0 = Ho -f 10 X 1.5 X 1; Ho = ~ 15 inches.^ 

6. Find the product of inertia of an 8-inch by 6-inch by 1-inch angle sec- 
tion with respect to axes through the center of gravity parallel to the legs, 
the section being in a position similar to Fig. 246. 
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7. A HtJinicurcMilar arcui of nuliu« a k in iito poMitbu Bhown in Fig. 247. 
Find thn prodiu^i of inertia witli renixHtt to tho X and Y axoB. 

Am. 11 « -- • 
3 

The praduet of inc^riiii haH no phyBieal Hignineaneo, but is a convenient 
inatiiemat!(;al tool in liti<lirig inoin(ait of inertia of a piano area with 
respcHd, to any axis, a« will be mum in tlu? artielti which follows. 




Fia. 247.— Prcaliu^t (d inertia 
<d semieirele. 




Fia. 24H,— Ohanpe of direction of 
axis. 


208. Change of Direction of Axis.— Formula XXXIV enables 
us t,o transfer moitumt of iiiortia from ono axis to a parallel axis. 
It is frecjuoutly necossnry to transform to an axis at an angle with 
the original axis. 

h’ig, 248 ror)resont8 an area iu the XT plane. The moment of 
inertia of this area with rosiiec.t to tho X axis OX we will call 

and tho moment of inertia with respect to tho Y axis we will call 
/ • 

/« >•> j yHA ; 

m, J a,HA. 

Let OX', OY' he new axes making an angle $ with the X and 
F axes rcspocdively. 'I'ho coiirdinates of the element of area dA 
with rospocit to these new axes are (*', y') . 

The moment of imjrdii of tho area with respect to OX' is 

■ / - f v'^dA. (1) 

Prom the geometry of the figure 

y' y <!OH <? -- a; sin 0. (2) 

I ^ j (y* cos’ 6 — 2 xy cm 0 ain 5 + ** sin* d)dA, ( 3 ) 
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I - h cos® e + Iv ® " 2 C08 0 sin J xy dA, (4) 

I — lx cos* 0 + Iv sin* 6 — 11 sin 2 6. (<'>) 

7 == + I* “ cos 20 - H sin 2 0. (6) 

£j M 


Problems 


1. Find the nioriiorit of inertia of a 4-inch !)y Ii-iu(5h rectanicle (Fig. 249) 
with respect to an axis through the lower left corner making an anglt^ of 
20 degrees with the 4-inch edge. 

« 36 inches/ J ^ * 64 inches/ // 36 inchci.'* 


36 + 64 




64 


cos 40® — 36 sin 40®. 


J 50 


14 X 0,7660 - 36 X 0.642B « 16.14 inches/ 

2 . Solve Problem 1 if the axis ii 20® 
l)elow direction of the 4-incli edge. 

Am, / » 62.42 inohci.^ 

3. Find the moment of inertia of a 
3-inch by 4-inch rectatigk with ir<«poct 
to a diagonal by means of equation (5) 
and chcick by the moment of inertia of 
two triangles witli respect to the di- 
agonal m a (unnmon base. 

4. Find the moment of inertia of a 

4-moh by 4-inch by angle section of Fig. 250 with respect to axis 

3-3, through center of gravity of section. Take /« from tlie taV>lo in 
the handbook. Am. / * 2.29 inches/ 



249, — Momtuit of inertia 
with respect to OX\ 


209. Transformation of Direction of Axes for Product of 
Inertia.™ To got the product of inertia for the axes OX', OF' of 


Fig. 248, wo have: 

//' - / x'y'dA. (1) 

H' — f (x cos 0 + V aiti 6) {y oos 0 — x sit> e)dA, (2) 

H' = (cos* 6 — sin* (?) J" xy dA + cos 0 sin (? J* (j/* — x*)dA, (3) 

ir =a II cos 2 0 + sin 20. (4) 

H' becomes zero when the rigiit memi)or of (4) =■ 0, when 

tan 2 0 — • (5) 

I y 1 X 


Problems 

1, In the 4-inch by 3-inoh rectangle of Fig. 249 wliat will be tlie angle 
between OX' and the 4-iuch edge if the product of inertia with respect to 
OX' and the axis through 0 normal to it is ?.ero? Am, $ » 34® 22', 
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2. Find the direction of the pair of axes through the center of gravity of 
the 6-inch by 5-inch by 1-inch angle section of Fig. 246 for which the product 
of inertia is zero. 

210. Direction of Axis for Maximum Moment of Inertia. 

Equation (6) of Article 208 is: 

j = cos 2 g - i? sin 2 6. (1) 

Differentiating with respect to 6, 

^ = (Zj/ — Jx) sin 2 ^ — 2 ZZ cos 2 6, (2) 

ad 

from which the condition of maximum or minimum is 

o JJ 

tan2^ = y — ZTT** 

i y lx 

Comparing (3) with (5) of Article 209, we find that the condition 
of maximum or minimum moment of inertia is the condition 
which gives zero product of inertia. There 
are two solutions for (3), which give values 
of 2 ^ differing by 180 degrees and values of 
6 differing by 90 degrees. One of these 
positions is that of maximum moment of 
inertia and the other is that of minimum 
moment of inertia. Since the product 
of inertia for an axis of symmetry is zero, 
the moment of inertia with respect to an 
axis of symmetry is either greater or less Fig. 250.— Axis of 

than the moment of inertia for any other nioment of 

axis through any given point in its line. 

The line which bisects the angle between the legs of an 
angle section of equal legs is a line of symmetry and the moment 
of inertia for this axis is greater than that for any other axis 
through the center of gravity, while the moment of inertia for the 
axis at right angles to this line of symmetry (the axis 3~3 of Fig. 
250) is less than that for any other axis through the center of 
gravity. 

Problems 

1. For the rectangle of Problem. 1 of Article 208 find the maximum 
and minimum moment of inertia for axes through one corner. 

2. Find the maximum and minimum moment of inertia of a 6-inch by 
6-inch by 1-inch angle section for axes through the center of gravity. Com- 
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paro tho rasults for tlio figtiros in tho hancllH)ok for a 24uc!i by 2 ii-iu<ih by 
}i-iuck angle section. 

The maximum and minimum moments of inertia of an area for mm 
through a given point are ealletl the prindjHtl mtmientM <if inertia^ and the 
eorresponding axes are the i)riucipal axes. 

If tlie minimum moment of inertia is known, it is generally easy tii find 
the maximum by meatm of a simple relatloni 

himx + Imln » /» + ** *!• 

Tho sum of tho moments of inertia of a plana area ftjr any pair of rec- 
tangular axes in the plane is equal to the polar moment of inertia for their 
point of intersection. 

Lot one of those axes be used as the X axis. 

h-JvHA. (fl) 

If the other rectangular axis is used as the Y axis, 

7, - fx‘dA. (6) 

For the polar moinent of inertia r* » + I/®, 

J » J(*» + y'){lA m fx*dA + J j/’dA. (7) 

Problems 

8 , Find the maximum moment of inertia of a 5-inch by 3-ineh by 
angle section for an axis through tho center of gravity. Get /« and 4 
from the liandbook, and calculate min I from tho area and the least raclius 
of gyration. Solve for max / by moans of e<iuation (4). 

4. Find the least and greatest moment of inertia and radius of gyration 
of a semicircular area of radius a with respect to axes in its plane passing 
through tho end of the diameter which Ixnmds it. 

211. Moment of Inertia of a Prism or Pyramid.— The moment 
of inertia of any solid may 1)0 found l)y triple integration with 
an clement which is infinitesimal in three direet.ions, or by double 
integration with an element whiedi is infiniieHimal in two direc- 
tions and extends entirely through tlie iruiss in the direction of 
the axis. 

It is often easier to use a thin plate or disk which is infinitesimal 
in one direction only as the element of volume, provided the 
moment of inertia of this element is known with respect to an 
axis through its center of gravity parallel to the axis of inertia. 

Problems 

1, Find the moment of inertia of a right pyramid cj! height A, with a 
square base of side 5, with respect to an axis through the vertex perpendicular 
to the base. 

Tho element of volume is the square plate of thieknesi dx. Its volume is 
AdXf where A is the area of the section. From similar solids (B'ig, 251), 


CtiAi-. XXI 


MOMENT OF INERTIA 


369 


Ah ouch side Ih 


hx. 




ite polar uioiiioat, of iuortia with respect to the X axis is 


> total momout of inertia is the sum of that of the several plates. 

j. ph*h _ Mlfi 

~-Mk* “ 30 “To"' 

2. Fiutl tho moimmt of imirtia of a riKht pyramid, the base of which is a 
to'tlm base”'' " through the vertex perpendicular 

If in It'ig. 251 wo wished to 
find the moment of imirtia with 
resiioot to the Z axis OZ, we could 
find the momout of inertia of the 
plate with rtispeud, to tins parallel 
axis 0 (7 and then transfer to the 
Z axis. '■J'ho monumt of inertia of 
the ijlaliO is the same as that of the 
arthi of the plate with respect to 
a line in its plane multijilied by tlie thickness dx and the 
density. The moment of incrl ia of the plate about CC is 

pJFx7 
12 h* 

- 

“ ’/i* 

where h and Md^ have the meaniuK of Formula XXXIV. 

IW\ ph% / 



1' [<i. 251. — Moment of inertia 
of pyramid. 


N - 


, dx-, 
-dx, 


' 4.__ 

k (K) h* 5 h* 




Problems 

8, Find tho square of fche radius of gyration of a right pyramid 24 inches 
high with hfwo 12 iruihoB square with referenco to an axis through the vertex 
paralhd to tho baBO. Ans, fc* » 352.8 inches.* 

4. Find tho rnotnont of inertia of a right cylinder of radius a and length I 
with rospoot to an iixis perpendicular to the axis of the cylinder through tho 
ronicir of one end. ^2 

ObH(‘.rviiig the answer of Problem 4, we see that the square of 
tho radius of gyration is made of two terms, the first of which is 
for a long thin rod with respect to an axis through one end 
perpcuKlieular to its leiigth, and the other is for a circular area 
with respect to a diameter. The moment of inertia of any solid 

24 
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witli a coijatant croHS-scction aucl omUng witli parallel planes 
normal to its length (any right prism or (sylimlcr) may be ealcu- 
lated i^j the same way. KxproHsed algebraically, 

, . ■ = A? + hi, (1) 

whore hi is the radius of gyration of the prism regarded as a thin 
rod and is the radius of gyration of a cross-section. Fig. 252 
roprosents a triangular prism with its axis parallel to the X axis. 
It is desired to find its moment of inertia with respect to the Z 
axis. 

Using tlio element Jili' (Fig. 252) of cross-section dxdy ex- 
tending entirely through the body in the direction of the Z axis: 

/ • p f f(x^ + yyixdA (2) 



Ft(i, 2r)2.— Morrumfc of inortla of prinm. 

where dA ia an area of lorigth HIV and Ijcight dy, 

I — pj ^ dx dA + p // yHx dA ( 3 ) 

When we intogralo with respect to dA, x remains unchanged, as 
wo simply pile up elements of the form of liB' from the bottom of 
the top of tho so(;tion EFQ between vertical planes at a distance 
dx apart: 

/ » p J* x^A dx + p j I^dx (4) 

where 2 I is tho area of tho section, and is tho moment of inertia 
of tho piano area with respect to the axis CC in tho XZ plane 
parallel to tho Z axis, 

hlquation (4) applies to a solid of any form whatever, and is 
not limited to a prism as shown in the figure. If tho line OX 
passed through tho center of gravity of all the sections, we would 
have an example of Formula XXXIV as in Problems 3 and 4. 
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If the solid is a prism or cylinder with the axis parallel to the 
X axis, A is constant and I a is constant; then 

I = pA J x^dz + pi A J dx (5) 

The first term of the last member of (5) is the moment of inertia 
of a thin rod with respect to an axis perpendicular to its length. 
1 ho Hocond member is equal to plAh\ = Mlc\, which proves 
equation (1). 

Problems 

6. Find the moment of inortiii of a right cylinder 18 inches long and 12 
mohos m (liametor with rospoot to an axis in the plane of one end and tangent 

Ans./ = 153M. 

6. J'md the moment of inertia of a prism 0 inches square and 24 inches 
long with rospoet to an axis in the piano of one end perpendicular to the end 
of a diagonal. 1 = M (192 + 21). 

212. Moment of Inertia by Experiment.— A common method of 
finding the moment of inertia of an irregular body is that of deter- 



lU IV 

Fm. 253. — Moment of inertia by torsional vibration. 

mining its effect upon the time of vibration of a torsion pendulum. 
The time of vibration of a torsion pendulum varies as the square 
root of the moniont of inertia of its mass with respect to the ver- 
tical lino which is the axis of the supporting wire. This relation 
may bo expressed briefly: 

T^ - KI, 

whoro T may bo the time of a complete period or of a single 
vibration (with K varying accordingly), and Z is a constant 
which deponds upon the length, diameter, and modulus of shear- 
ing elasticity of the supporting wire. The factors which make 
up K need not be determined separately, as the entire term may be 
obtained by substitution from the time of vibration of a mass of 
known moment of inertia. 

Fig. 253, 1 and II, shows a uniform solid circular bronze or brass 
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rod in a horizontal position on a light support suspended by a 
single steel wire. Fig. 253, III and IV, shows a second body on 
the same support. It is desired to find the moment of inertia 
of this second body with respect to an axis through its center of 
gravity perpendicular to the line AB. If the body can be so 
supported that AB is horizontal, it will rotate about the desired 
axis, for the center of gravity of the combined body and support 
must fall directly under the axis of the wire, and if the support is 
relatively small this combined center of gravity will practically 
coincide with that of the body, even if the support does not hang 
in exactly the position which it occupies when it is not loaded. 

When the moment of inertia of the sup- 
port is small, as in Fig. 253, the unknown 
moment of inertia is calculated from 

* Ia^TI 

ic " 

where the subscript A refers to the body 
and the subscript C to the cylinder. 

Generally it is not practicable to use a 
very light support and get the body in the 
desired position. Fig. 254 shows a rel- 
atively large support carrying the unknown 
body in the side elevation of Fig. 254, 1, and the known cylinder 
in the other. In this case we get the time of vibration with the 
support alone; and then with the support and each load 
separately. 

n = Kh, 

T^c = K{Ia + Jb), 

n - h), 

where Tc is the time with support and cylinder; Tb, with the 
support alone, etc. 

^ (n -- Ti)ic 

y2 



Problems 

1. The time of vibration of a given torsion pendulum with the support 
alone is 0.46 second; with the support loaded with a cylinder 10 inches long 
and yi inch in diameter it is 0.87 second; with an unknown body in place of 
the cylinder it is 0.94 second. The cylinder weighs 0.556 pound and the 
body 1.25 pounds. Pind the moment of inertia and radius of gyration of 
the body, Ans. k = 2.14 inches. 
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2 . Under what conditions may the unknown moment of inertia bo actui- 
rately determined without getting the time of vibration of the support t 

3. If any clamp screws are used in the support, they should be vertical. 
Why? 

213. The Moment of Inertia of a Plane Section. — The method 
of the preceding article affords a method of obtaining the moment 
of inertia of any plane section when the material can be cut up 
into pieces. Suppose we have a beam of any irregular section. 
Cut out a piece of some convenient length and finish tue ends to 
parallel planes perpendicular to the length of the beam. A con- 
venient length for the finished piece is 1 inch. Determine the 
area of cross-section by calculation from the weight and the spe- 
cific gravity. Get the center of gravity by the method of Articles 
202. Suspend, and compute the moment of inertia- Divide by 
the weight for This is the square of the radius of gyration 
of the solid prism 1 inch long. 

From equation (1) of Article 211 we know that the square of 
the radius of gyration of a prism is equal to the sum of the squares 
of the radius of gyration as a thin section and the radius of gyra- 
tion as a rod. In this case the square of the radius of gyration 
as a rod is one-twelfth of the square of the length. 

Problems 

1. In the case of the unknown section of Fig. 253, III and IV, the length I 
is 1 inch, the weight in air 1.524 pounds, the weight in water 1.326 pouiuk. 
The water was at the temperature at which the density is 62.2 pounds par 
cubic foot. What is the area of cross-section? Ans. 5.50 square inchiss, 

2. On a torsion pendulum with a light support the body in. the positicui 
shown made 100 vibrations in 83.2 seconds. A rod inch in diameter and 
12 inches long weighing 0.668 pound makes 100 vibrations in 163.8 secondH. 
What is the radius of gyration of the body and of its cross-section? 

Am. k of cross-section is 1.127 inches. 

3. In Problem 2 what is the moment of inertia of the cross-section? 

Ans, 6.99 inchci.^ 
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